REMARKS/ARGUMENTS 

By the present proposed amendment, four (4) claims are amended and five (5) claims are 
cancelled. Claims 47, 54-59 and 61 are pending. No fees for claims are believed payable. 
Applicants submit that no new matter has been added by the present proposed claim amendments 
and no change in inventorship is believed to result. Entry of the proposed amendments is 
respectfully requested. 

Claim 47 is amended to specify that the immunoglobulin-polypeptide chimera is soluble. 
Support for this amendment can be found in the specification as filed at least at page 9 line 8 - 
page 10, line 3. Claim 47 is also amended to specify that the polypeptide has the sequence of 
SEQ ID No: 4 which corresponds to GAD2. Support for this amendment can be found in the 
specification as filed at least at page 39, lines 5-10. 

The presently pending claims stand rejected under 35 U.S.C. § 103(a) as being 
unpatentable over WO 98/30706 in view of Liu et al. (1992) PNAS 97(26): 283-292 ("Liu"). 
According to the Office Action, it would have been obvious to one of ordinary skill in the art, at 
the time the invention was made, to produce the construct of WO 98/30706 employing the T-cell 
epitopes of SEQ ID NOs: 3 and 4, as taught by Liu (Office Action at page 2). Applicants 
respectfully traverse this rejection. 

I. No prima facie case established. 

To establish a prima facie case of obviousness under 35 U.S.C. § 103, the Office must 
first demonstrate that a prior art reference, or references when combined, teach or suggest all 
claim elements. See, e.g., KSRInt'l Co. v. Teleflex Inc., 127 S.Ct. 1727, 1740 (2007); 
Pharmastem Therapeutics v. Viacell et al, 491 F.3d 1342, 1360 (Fed. Cir. 2007); Abbott 
Laboratories v. Sandoz, Inc., 529 F.Supp. 2d 893 (N.D. 111. 2007) and MPEP § 2143(A)(1). In 
addition to demonstrating that all elements were known in the prior art, the Office must also 
articulate a reason for combining the elements. See, e.g., KSR at 1741; Omegaflex, Inc. v. 
Parker-Hannifin Corp., 243 Fed. Appx. 592, 595-596 (Fed. Cir. 2007) citing KSR. 

As will be discussed in detail below, Applicants respectfully submit that in the instant 
case, each and every element of the claims as amended herein are not in the prior art of record 
and the prior art does not provide a rationale for making the modifications required to arrive at 
the claimed invention. As such, the asserted prima facie case of obviousness fails. 
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A. Each and Every Element of the Claims Not Disclosed in the Prior Art. 

Claim 1 and all claims depending there from as amended herein specify that the 
composition is a "soluble immunoglobulin-polypeptide chimera." The prior art of record is 
silent as to a soluble immunoglobulin-polypeptide chimera. Because this element is not in 
the prior art of record, no prima facie case of obviousness has been established. Withdrawal 
of this rejection is respectfully requested. 

B. No Rationale to Combine the Prior Art to Arrive at the Claimed 
Invention. 

As set forth above, the mere fact that prior art may be modified to produce the claimed 
product does not make the modification obvious unless the prior art suggests the desirability of 
the modification. The prior art of record simply does not teach or suggest the desirability of 
providing a soluble Ig-GAD2 construct as claimed. 

The purported rationale in the Office Action appears to be a reference in Liu to articles 
stating that p206 and p524 are immunodominant epitopes in T1D. However, the law is clear that 
prior art must be considered in its entirety, including disclosures that teach away from the claims. 
MPEP 2141.03 VI. Despite the references by Liu to these other papers, the totality of the Liu 
references teaches away from the presently claimed invention. 

As previously set forth, Liu demonstrated that in the spontaneous NOD mice that had not 
been immunized, "tetramer staining results showed that the tetramers detected T cells infiltrating 
the islets of NOD mice with a percentage that is not significantly above the background . . ." Liu 
at page 14600, Col. 1. Therefore, Liu 's results indicate that p206- and p524-reactive T cells are 
not spontaneously present in NOD mice at detectable levels. Id. Type 1 diabetes is a 
spontaneous disease. Based on Liu's results (barely staining for only one peptide in immunized 
mice and no staining for either peptide in non-immunized mice), one of skill in the art would not 
have thought the p206 and p524 peptides were involved in activation of autoreactive T cells 
during development of diabetes. As such, a person of ordinary skill in the art reading Liu in its 
entirety (not merely focusing on a couple sentences referening to other articles suggesting that 
p206 and p524 are immunodominant in T1D) at the time of Applicants' invention would not 
have had any motivation to use the p206 or p524 peptides for insertion into the construct of WO 
98/30706. Instead, such a person would have been led in a direction divergent from the path that 
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was taken by the Applicant since the p206 and p524 peptides failed to activate autoreactive T 
cells in non-immunized NOD mice. Based on Liu's actual results and conclusions, one of skill 
in the art would not have thought that the peptides of Liu were involved in the onset of T1D. 

This is not a situation involving combination of prior art elements to yield predictable 
results or simple substitution of one known element for another to yield predictable results. In 
fact, none of the exemplary rationales set forth at MPEP 2143 have been established. Because 
no rationale exists to combine Liu with WO 98/30706 exists, no prima facie case of obviousness 
has been established. Withdrawal of the instant rejection is respectfully requested. 

II. Secondary Indicia of Non-Obviousness. 

It is well settled that a prima facie case of obviousness is rebuttable by proof that a 
claimed compound possesses unexpectedly advantageous or superior properties. MPEP 2145 
VII. Even assuming, arguendo, that a prima facie case of obviousness has been established, 
which is not admitted, Applicants submit herewith a Rule 132 Declaration of co-inventor Dr. 
Habib Zaghouani (the "Zaghouani Declaration") setting forth several unexpected properties of 
the presently claimed composition. 

A. Soluble But Not Aggregated Chimera Unexpectedly Delayed T1D 
When Administered After IAA Seroconversion. 

WO 98/30706 generally discloses peptide delivery on Igs increases presentation 
efficiency compared to antigen alone. Because, even prior to filing of the instant application, 
T1D was suspected to involve multiple autoantigens and the initiating antigen was unknown (See 
e.g. Delovitch attached herewith), it would not have been expected that restoration of 
normoglycemia, if possible at all, would be attained without modulation of diverse T cell 
specificities through a combination of capture of T cells (signal 1) and bystander suppression, 
without activating co-stimulatory signal 2. (See Tisch and Bach attached herewith). 

It was known prior to the filing date of the present invention that cross-linking of Fc 
receptors on target cells by antigen-antibody complexes could trigger the production of anti- 
inflammatory cytokines such as IL-10 which were known to be important for down regulating T 
cells engaged to antigen presenting cells as well as neighboring T cells (bystander suppression). 
(See Deo, Polat and Sutterwala attached herewith). Moreover, aggregation of Igs was known to 
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confer effector functions associated with the Fc fragment without the need for complex 
formation. (See Christian and Rosenqvist attached herewith). 

In view of the foregoing, at the time the instant application was filed, one of skill in the 
art would not have expected a soluble Ig-peptide chimera to be effective at treating or delaying 
T1D at least because soluble Ig-peptide chimera would not have been expected to induce Fc 
receptor cross-linking and subsequent production of cytokines such as IL-10 as would have been 
thought to be required for bystander suppression. In fact, in two post-filing date papers co- 
authored by Applicants, it was shown that Ig-GADl and IglNSp induce T regulatory cells and 
prevent T1D only when given in aggregated, but not soluble form. Indeed, this was likely 
because the aggregated but not soluble Ig-peptide chimeras cross-linked Fey receptors on antigen 
presenting cells and induced IL-10 production by the APCs thereby leading to bystander 
suppression and expanded T regulatory cells. (See Gregg 2004 and Gregg 2005 attached 
herewith). 

Despite the fact that soluble Ig-GAD2 does not induce cross-linking of Fc receptors, 
Applicants have surprisingly discovered that it effectively delays T1D when administered after 
LAA seroconversion (a relatively late stage of disease) and prevents diabetes when given at the 
prediabetic stage whereas aggregated Ig-GAD2 failed to delay diabetes when given at 
the insulitis stage. Particularly surprisingly, soluble Ig-GAD2 asserts its effect via a mechanism 
independent of IL-10-mediated bystander suppression. As disclosed in the Zaghouani 
Declaration attached herewith, even when cytokine neutralization was performed along with 
soluble Ig-GAD2 treatment, recovery from diabetes persisted with anti-IL-10 treatment but was 
nullified by removal of IFNy. These observations indicate that IFNy, contrary to its well defined 
inflammatory function, is actually involved in modulation of inflammation and restoration of 
normoglycemia. These unexpected findings simply could not have been predicted by the 
ordinary skilled artisan at the time the instant application was filed. 

B. Soluble Ig-GAD2 Therapy Unexpectedly Increases Healthy Islet Cells 
and Promotes Islet Cell Regeneration. 

Even assuming, arguendo, one of skill in the art at the time the present application was 
filed had motivation to combine WO 98/30706 with the peptides of Liu and had a reasonable 
expectation of inducing tolerance (which is not admitted), such a person would not have had any 
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expectation that the resultant construct, when prepared in soluble form, would increase the 
number and health of islet cells when administered after IAA seroconversion. 

As set forth in the Zaghouani Declaration attached herewith, while most of the islets in 
hyperglycemic and diabetic control mice exhibited intra-insulitis, the majority of islets in mice 
treated with the soluble Ig-GAD2 construct were not inflamed or had only mild peri-insulitis. 
Furthermore, histopathologic analysis indicated that treated mice had significantly greater 
number of islets when compared to both hyperglycemic and diabetic mice. Analysis of islet 
infiltration scores among the different groups of mice indicated that the 15-week soluble Ig- 
GAD2 treatment group had a higher number of islets with periinsulitis or no insulitis relative to 
the hyperglycemic stage. On the other hand, the number of islets with severe- and mild- 
intrainsulitis were reduced in the treated versus hyperglycemic mice. Surprisingly, in the 25- 
week soluble Ig-GAD2 treatment group, although the total number of islets was reduced to that 
of the hyperglycemic stage, most of these islets exhibited no, peri- or mild intra-insulitis. 
Overall, the treatment with soluble Ig-GAD2 led to a significant increase in the number of 
noninflammed ("healthy") islets that restored and maintained normoglycemia. This result was 
unexpected. 

An experiment was then conducted to determine whether the healthy islets were a result 
of a regression of inflammation and/or regeneration of beta cells. As set forth in the Zaghouani 
Declaration, sections from hyperglycemic mice showed very few insulin-producing beta cells 
and no BrdU incorporation resulting in an insignificant number of BrdU + /insulin + beta cells. By 
contrast, islets from the 25-week soluble Ig-GAD2 treatment group showed beta cells that 
stained positive for insulin and were either BrdU negative (previously generated beta cells) or 
BrdU positive (newly generated beta cells). Notably, the number of these insulin-producing 
regenerating beta cells was significantly increased in all five soluble Ig-GAD2 treated mice in 
which treatment restored normoglycemia. Interestingly, the total number of dividing cells 
producing insulin (BrdU7insulin + ) was low and may not solely account for the restoration of 
normoglycemia. BrdUVinsulin*) residual islet cells, which amounted to 81 cells per pancreas, 
may have also contributed to the control of blood glucose levels, and these likely represent a 
combination of newly formed and residual beta cells that were rescued by regression of 
infiltration. 
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Collectively these findings suggest that soluble Ig-GAD2 therapy reduces islet cell 
infiltration leading to rescue of residual and formation of new p cells. These surprising and 
unexpected results could not have been predicted by a person of ordinary skill in the art at the 
time the instant application was filed. Withdrawal of the instant rejection is respectfully 
requested. 

CONCLUSION 

Applicants have provided a novel soluble Ig-GAD2 composition that surprising can 
reverse diabetes after IAA seroconversion in NOD mice and stimulate regeneration of healthy 
islet cells. These unexpected findings represent a great and far-reaching advance in the art. 
Applicants believe the application is in condition for allowance. Early and favorable 
consideration is respectfully requested. 

Respectfully submitted, 



K&L GATES LLP 




Registration No. 51,696 
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Who is more contemptible than he who scorns knowl- 
edge of himself?— John of Salisbury 

This statement reflects our concern about the factors, 
both internal and external, that control our lives. Unfortu- 
nately, there are times when our immune system, which 
normally protects us from adverse infections and dis- 
eases, scorns our body and mounts an autoaggressive 
attack against it, resulting in autoimmune disease. 
Among the many severely debilitating autoimmune dis- 
eases are multiple sclerosis, rheumatoid arthritis, and 
insulin-dependent diabetes mellitus (IDDM), or type 1 
diabetes. What are the factors, both genetic and envi- 
ronmental (diet and infection) that mediate the onset of 
these diseases? How do we identify these factors? And 
how can we control these factors in order to prevent the 
onset of autoimmune diseases? Studies of autoimmune 
diseases in representative animal models have proven 
to be very informative. 

This review focuses on the use of one such animal 
model, the nonobese diabetic (NOD) mouse, which 
spontaneously develops IDDM. The IMOD mouse has 
become the most extensively studied model of sponta- 
neous organ-specific autoimmune disease. Excellentre- 
views exist on the origin, genetics, immunological char- 
acteristics, and influence of environmental factors on 
IDDM in NOD mice (Kikutani and Makino, 1992; Leiter 
and Serreze, 1 992). Importantly, experiments conducted 
with NOD mice in recent years have begun to provide 
clues about how we may modulate and regulate the 
immune response in order to protect against IDDM in 
humans (Bowman et al., 1994; Bach and Mathis, 1997). 

The central questions that we address in this review 
are: What are the immunological mechanism(s) that in- 
duce this T cell-mediated autoimmune disease? Is there 
a single mechanism that elicits IDDM or are there multi- 
ple mechanisms? Different mechanisms of IDDM induc- 
tion have been proposed, including (1) expression of 
diabetogenic major histocompatibility complex (MHC) 
class II allelic products that bind peptides with low affin- 
ity, enabling self-reactive T cells to escape from the 
thymus to the periphery; (2) positive selection of specific 
T cell antigen receptors (TCR) that recognize primary 
autoantigen(s); (3) breaking of peripheral tolerance by 
pathogenic infection; and (4) deficient activation of regu- 
latory T cells, resulting in deficient immune regulation. 
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The NOD Mouse Model of IDDM 

Since the discovery of the NOD mouse about 17 years 
ago by researchers at the Shinogi Company (Makino et 
al., 1980), this mouse model has been used to explore 
the many features of IDDM that are shared with human 
IDDM (T able 1), including the polygenic control reflected 
by the inheritance of particular MHC class II alleles and 
multiple non-MHC loci as genetic risk factors; the trans- 
mission of disease by bone marrow-derived hematopoi- 
etic stem cells; the early appearance of an intra-islet 
inflammatory infiltrate (insulitis) and anti-islet cell anti- 
bodies; and the autoreactive T cell dependence of IDDM 
pathogenesis and the ability to intervene with disease 
progression by modulation of T cell function (Bach, 
1994; Bowman et al., 1994; Tisch and McDevitt, 1996). 

Considerable evidence suggests that IDDM in NOD 
mice is mediated by T cells. IDDM is prevented by neo- 
natal thymectomy, by immunosuppressive agents that 
target T cells, and by anti-CD4 and anti-CD8 monoclonal 
antibody treatments. Furthermore, IDDM can be adop- 
tively transferred to neonatal NOD mice and immunode- 
ficient NOD.SCID (severe combined immunodeficiency) 
mice by T cells from spontaneously diabetic adult NOD 
mice. 

IDDM pathogenesis in NOD mice is heralded by the 
infiltration— first by dendritic cells and macrophages 
and then by T cells (CD4 + and CD8+) and B cells— of the 
perivascular duct and peri-islet regions of the pancreatic 
islets of Langerhans (peri- insulitis) beginning at 3-4 
weeks of age. This stage is followed by the slow, pro- 
gressive, and selective T cell-mediated destruction of 
insulin-producing islet (3 cells by 4-6 months of age. 
Whereas a nondestructive peri-insulitis is observed in 
all female and male NOD mice, NOD females develop a 
more invasive and destructive insulitis and incur a higher 
incidence (80%-90%) of IDDM than males (10%-40%). 
This pronounced female gender bias is not observed in 
humans. 

A consensus view of the factors eliciting IDDM in the 
NOD mouse is that dysregulation of the immune re- 
sponse is a principal factor: an excess of islet antigen- 
specific T helper type 1 (Thl) cells arise, perhaps as a 
consequence of a deficiency in regulatory or suppressor 
T cells. 



T Cell Responses to Autoantigens in IDDM: 
Are They Relevant? 

Both T cells and B cells reactive to islet antigens infiltrate 
the pancreatic islets at the inflammatory stage of insu- 
litis. Do these infiltrated B cells play a role in the etio- 
pathogenesis of IDDM? Autoantibodies against several 
islet autoantigens, such as insulin, glutamic acid decar- 
boxylase 65 (GAD65), and IA-2, a cytoplasmic tyrosine 
phosphatase, are present in the sera of humans with 
IDDM for several years before the onset of overtdisease, 
but a direct role for these autoantibodies in the patho- 
genesis of IDDM remains uncertain. Evidence exists that 
B cells themselves may play an important role in the 
etiology of IDDM. B cell-deficient (lgfi. nu!I ) (Serreze et 



Immunity 
728 



Table 1. Functional T Cell Defects in NOD Mice 

T Cell Population Defect Associated wi 



Splenic T cells SMLR response CD4 + T cell defect IL-2 Serreze and Leiter, 1988 

Reduced IL-2 production 

Thymocytes and Response to TCR Deficient PKC/Ras/MAPK IL-2 (partially) Rapoport et al., 1993a 

~~ Is stimulation signaling pathway IL-4 (completely) Rapoport et al., 1993b 



peripheral NK-like 



Salojin et al., 1997b 

Reduced IL-2 and IL-4 Anti-CD28 monoclonal Arreaza et al., 1997 

production antibody 

Reduced IL-4 production lL-7 Gombert et al., 1996a 



al., 1996) or anti-lgu,-treated female NOD mice (Noor- 
chashm et al., 1997) develop neither insulitis nor IDDM. 
Although this result has raised some controversy, it is 
possible that the main role of B cells in the immuno- 
pathogenesis of IDDM may not be to secrete autoanti- 
bodies but rather to present autoantigens to islet p cell- 
reactive CD4 + T cells. 

Accordingly, attention has been focused in recent 
years on the role of T cells reactive against islet autoanti- 
gens. The identity of islet p cell antigens that may be 
targets of autoimmune T cells remains controversial, 
and several different autoantigens have been implicated 
(Singh et al., 1998; Zechel et al., 1997). Nevertheless, 
the importance of autoantigens in the etiopathogenesis 
of IDDM is supported by several lines of study. For 
example, unlike spleen cells from NOD mice, spleen 
cells from p cell-depleted NOD mice cannot adoptively 
transfer IDDM to irradiated NOD mice (Larger et al., 
1 995), suggesting that p cell autoantigens must be pres- 
ent continuously for development of IDDM. Additional 
evidence for antigen-driven autoimmunity in IDDM is the 
loss of self-tolerance in NOD mice upon immunization 
with antigenic self-peptides (Ridgeway et al., 1996). 

Candidate primary autoantigens for the development 
of IDDM are GAD65 (or the mouse GAD67 isoform), insu- 
lin, proinsulin, and heat shock protein 60 (hsp60). T cell 
responsiveness to GAD65 (Kaufman et al., 1993; Tisch 
et al., 1993) and insulin (Daniel et al., 1994) is detectable 
by 3-4 weeks of age in NOD mice, and the induction of 
neonatal tolerance to GAD65 eliminates the subsequent 
development of insulitis and IDDM (Kaufman et al., 1 993; 
Tisch et al., 1993; Tian et al., 1996). Treatment of mice 
with either insulin or insulin B chain (Zhang et al., 1991; 
Bergerot et al., 1994; Muir et al., 1995), proinsulin (Har- 
rison et al., 1996) or the hsp60 peptide p277 (Cohen, 
1997; Elias et al., 1997) also prevents IDDM and down- 
regulates responses to the other three autoantigens, 
respectively. Of the more than ten known islet autoanti- 
gens targeted in IDDM, insulin is the only one expressed 
specifically by p cells. Nonetheless, insulin, proinsulin, 
and GAD65 are each unable to elicit IDDM upon active 
immunization of NOD mice, and only a transient hyper- 
glycemia and insulitis are induced by hsp60 or its p277 
peptide (Elias et al., 1995). Thus, at present it is difficult 
to assign a "primary diabetogenic antigen" status to a 
single islet autoantigen, consistent with the notion that 
IDDM in NOD mice and humans is associated with T 
cell reactivity to many antigen specificities (Roep, 1 996). 



What Role Do MHC Molecules Play in IDDM? 

Do any of the IDDM-susceptibility loci control the func- 
tion of autoreactive effector and regulatory T cells? 
The inheritance of particular MHC class II alleles consti- 
tutes one of the most important genetic risk factors for 
susceptibility to IDDM (Wicker et al., 1995; Tisch and 
McDevitt, 1996; Vyse and Todd, 1996; Wicker, 1997). 
The unusual H-2<>' MHC haplotype of NOD mice (K d , l-A" 7 , 
1-E ni ", D"), which maps in the ldd-1 susceptibility locus 
on chromosome 1 7, contributes to several dysfunctions 
of antigen-presenting cells (APC) that may promote the 
development of islet p cell-autoreactive T cells (Atkin- 
son, 1997). The l-Apa 7 allele in NOD mice and certain 
human leukocyte antigen (HLA)-DQP alleles in humans 
that encode serine, alanine, or valine at position 57 medi- 
ate IDDM susceptibility, whereas aspartic acid at posi- 
tion 57 is associated with IDDM resistance. Mutation of 
the l-Ap 9 ' gene to contain Asp57 reduces the incidence 
of IDDM but does not prevent insulitis, sialitis, or the 
development of insulin and nuclear autoantibodies 
(Lund et al., 1990). This result indicates that alteration 
of I-A9 7 neither prevents the homing of T cells to the 
pancreas or salivary glands nor eliminates autoreactive 
T cells, but rather blocks the progression to overt IDDM. 
When I-A' 7 is expressed in the heterozygous state to- 
gether with various other non-l-A g7 class II molecules in 
NOD mice, these mice all are resistant to the onset of 
IDDM (Schmidt et al., 1997). Thus, an IDDM-resistant 
MHC class II allele on one haplotype may dominate 
an IDDM-susceptible MHC class II allele on a second 
haplotype. 

The reason that homozygosity at H-2" 7 is necessary 
but not sufficient for the development of IDDM may be 
that l-As 7 MHC class II molecules are unable to present 
antigen efficiently to p cell antigen-autoreactive T cells. 
That is, deletion ofself-reactiveTcell clones may require 
a threshold of peptide-MHC complexes that persist on 
APCs for a finite period of time (Sprent et al., 1988; 
Milich et al., 1989; Ashton-Rickhardt and Tonegawa, 
1994). It is possible that the threshold and time of pep- 
tide-MHC expression on APCs in the thymus of an NOD 
mouse are not sufficient for negative selection of autore- 
active T cells by induction of their apoptosis (Serreze, 
1993). Indeed, alterations in the differentiation and func- 
tion of APCs in NOD mice have been reported (Serreze 
etal., 1993a, 1993b). 

That the process of negative selection or inactivation 
of islet-specific T cells may be deficient in NOD mice is 
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supported by the recent report that l-A 97 MHC class II 
molecules bind peptides of an islet autoantigen with 
only low affinity, preventing efficient presentation by 
NOD APCs to autoreactive T cells (Carrasco-Marin et 
al., 1996). In a NOD thymus, inefficient MHC class II- 
mediated autoantigen presentation by APCs in the thy- 
mus could result in failure to delete potentially autoreac- 
tive T cells, which then exit the thymus and induce 
autoimmune IDDM. Indeed, T cells from NOD mice have 
been found to display an abnormally high reactivity to 
self-proteins (Ridgeway et al., 1996). In addition, it ap- 
pears that more autoreactive T cells escape from the 
thymus in NOD mice than in mice resistant to autoim- 
mune disease. These observations provide additional 
support for the earlier findings that autoreactive T cells 
are able to activate low-level effector T cell responses 
in NOD mice (Haskins et al., 1989) and that relatively 
few peptides can be eluted from l-A 97 molecules (Reich 
et al., 1994). 

Nevertheless, support for a central role of l-A 9 ' in the 
generation of pathogenic T cells is not universal. l-A 9 ' 
molecules have not been found deficient in either the 
binding or the presentation of certain autoantigen pep- 
tides (Harrison et al., 1997; Reizis et al., 1997; Zechel et 
al., 1997). In addition, it has been difficult to detectT cell 
autoreactivity to islet autoantigens in naive, prediabetic 
NOD mice. Nevertheless, l-A 97 in mice (Carrasco-Marin 
et al., 1996, 1997) and HLA-DQ3.2 in humans (Buckner 
et al., 1996) appear to bind most peptides with low avid- 
ity, as determined by decreased stability of their pep- 
tide-MHC complexes upon denaturation in SDS. In T cell 
assays, immunogenic peptides, including those from 
diabetogenic autoantigens, appear to have a fast rate 
of dissociation from l-A 97 molecules, in that the peptide- 
pulsed NOD APCs are easily washed free of peptide. 

Despite the weak binding of l-A 97 molecules, it is clear 
that NOD APCs can still present peptides to reactive 
T cells. It is possible that other accessory molecules 
compensate for the low peptide-binding affinity of l-A 97 . 
For example, non-MHC-linked genes encoding costim- 
ulatory molecules may affect the activation threshold of 
T cells in either the thymus or the periphery, and the 
expression of such costimulatory molecules may be al- 
tered in response to low-affinity peptide-MHC com- 
plexes. Indeed, impaired expression of costimulatory 
molecules (CD28) or their ligands (B7-1 and B7-2) on T 
cells and APCs underlies abnormal T cell activation and 
anergy in several autoimmune diseases in mice and hu- 
mans (Tivol et al., 1996; Salojin et al., 1997a), including 
IDDM. Interestingly, it has been suggested that up-regu- 
lation of B7-1 expression activates Th1 ceils predomi- 
nantly, while generation of Th2 cells is more dependent 
on the CD28/B7-2 pathway. This scenario indicates that 
generation of Th1 versus Th2 cells is influenced by lim- 
iting CD28-B7 costimulation. 

Does Molecular Mimicry between Viruses and Islet 
Autoantigens Break Self-Tolerance and Elicit IDDM? 

Molecular mimicry has received considerable attention 
in recent years in attempts to explain the activation 
and expansion of autoreactive T cells in the periphery. 
Molecular mimicry, defined by three-dimensional struc- 
tural homology, is postulated to exist for T cell epitopes 



on a viral protein and autoantigen(s). It is thought that 
most T cell epitopes of an autoantigen are not available 
for recognition by T cells in the thymus, enabling autore- 
active T cells to escape thymic tolerance and to exist 
in the peripheral T cell pool of healthy individuals and 
animals (Weckerle et al., 1996). Autoantigenic epitopes 
might not be recognized in the thymus, either because 
they are not recognized by T cells (cryptic epitopes) or 
because they are not generated in sufficient amounts 
to bind to MHC molecules (Sercarz et al., 1993). T cells 
specific for these cryptic epitopes may suddenly be- 
come evident as a result of a pathogenic viral infection. 
Accordingly, by molecular mimicry, T cell reactivity to 
an infectious viral antigen may result in activation and 
expansion of T cells cross-reactive with an autoantigen. 

Is there evidence for molecular mimicry in T cell- 
mediated autoimmune disease? It is known that experi- 
mental acute and persistent infections with DNA or RNA 
viruses can induce, accelerate, or enhance autoimmune 
responses and cause autoimmune disease (Oldstone, 
1988). In fact, molecular mimicry has been shown to 
exist between T cell epitopes of a viral protein and an 
autoantigen in multiple sclerosis, namely myelin basic 
protein. Evidence in support of the molecular mimicry 
hypothesis for IDDM (Oldstone, 1997) is that infections 
with Coxsackie B4 and rubella viruses have each been 
linked to the induction of IDDM (Forrest et al., 1971; 
Gamble et al., 1973; Notkins et al., 1984). Interestingly, 
one of the epitopes of the GAD65 islet cell autoantigen 
has apparent structural homology to an epitope of the 
Coxsackie B4 virus (Tian et al., 1994). Moreover, a T 
cell proliferative response shared between GAD65 and 
Coxsackie B4 was found among 25% of 1 6 patients with 
a new diagnosis of IDDM but among none of 13 healthy 
matched control subjects (Atkinson et al., 1994). None- 
theless, reciprocal cross-reactivity between anti-GAD65 
antibodies and anti-Coxsackie B4 antibodies with Cox- 
sackie B4 and GAD65, respectively, which would sup- 
port the molecular mimicry hypothesis, has not yet been 
found. The role of enteroviruses in the etiology of IDDM 
is presently inconclusive (Graves etal., 1997). 

Thus, an immune response elicited against an in- 
fecting pathogen may cross-react with self-antigens 
that share determinants with that pathogen so that an 
autoimmune disease may be initiated or aggravated by 
viral infections. Persistent viral infection may explain 
why T cells infiltrate not only the pancreas in NOD mice 
but also several other glands (the submandibular salivary 
glands, thyroid, lachrymal glands, ovary, and testes), 
indicating that NOD mice exhibit many T cell-mediated 
inflammatory responses (Bach, 1994). However, it should 
be kept in mind that infectious agents do not invariably 
increase the incidence of IDDM, since the incidence 
of IDDM is highest in NOD mouse colonies housed in 
specific pathogen-free facilities. Some viral infections 
even prevent IDDM (von Herrath and Oldstone, 1996). 

Regarding specific pathogens and their potential role 
in the cause of IDDM, superantigens have been impli- 
cated in human IDDM (Conrad et al., 1994). More re- 
cently, a new endogenous retroviral genome was impli- 
cated in the pathogenesis of human IDDM (Conrad et 
al., 1997). An envelope protein of this retrovirus encodes 
a superantigen that preferentially expands the V|37 + T 
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cell subset in IDDM patients. This protein has homology 
with the mouse mammary tumor virus-derived endoge- 
nous retroviral superantigen. Thus, this endogeneous 
superantigen provides evidence for the involvement of 
a pancreatic islet cell membrane-bound superantigen 
as a candidate autoimmune gene in IDDM. It has been 
postulated that the endogeneous retroviral genome is 
transcribed in lymphocytes and that the superantigen 
may activate T cells in association with class II MHC 
molecules. The role of endogeneous retroviral transcripts 
in the islet cells has also been suggested in IDDM in 
NOD mice (Gaskins et al. 1992). 

Is the Onset of IDDM Mediated by T Cell Clones 
That Possess a Restricted T Cell Repertoire? 

The events that initiate IDDM are not well understood. 
It is possible that the association between MHC class 
II molecules and IDDM susceptibility in NOD mice may 
be due to the recognition of a single MHC class II- 
restricted antigenic determinant by a clone of autoreac- 
tive T cells. Such recognition could lead to an autoim- 
mune response and promote the onset of IDDM, 
consistent with the notion that several autoimmune dis- 
orders may be linked to the restricted use of TCR gene 
segments (Nepom and Erlich, 1991). In this case, a re- 
stricted T cell repertoire targeted to a major autoantigen 
may represent an important early event in the onset of 
IDDM. This hypothesis is supported by animal models 
of experimentally induced autoimmune diseases, such 
as experimental autoimmune encephalomyelitis, in which 
immunization with determinants of an autoantigen (my- 
elin basic protein) leads to monoclonal T cell responses 
that initiate inflammatory responses and ensuing dis- 
ease. It has proven challenging to develop a test of 
this hypothesis in an animal model of an autoimmune 
disease that develops spontaneously, such as IDDM in 
NOD mice. 

Many investigators have isolated islet antigen-specific 
T cell clones from the periphery as well as lesions of 
insulitis from both prediabetic and diabetic NOD mice 
and have shown that these T cells express many differ- 
ent TCRs (Haskins et al., 1988, 1989; Maedaetal., 1991; 
Nakano et al„ 1991; Zipris et al., 1991a; Waters et al., 
1992; Toyoda et al., 1992; Galley and Danska, 1995; 
Daniel and Wegmann, 1996; Komagata et al., 1996; Fox 
and Danska, 1997). These results have suggested that 
such islet-specific T cells recognize several different 
antigens. A more rigorous test of whether a restricted 
T cell repertoire initiates IDDM requires extensive analy- 
sis of TCR expression by islet-infiltrating T cells in very 
young IDDM-prone NOD mice, at the onset of insulitis at 
1 month of age and even prior to insulitis. As previously 
demonstrated, islet-infiltrating CD4 + T cells examined 
at the time of insulitis express a heterogeneous array 
of TCR variable (V) p gene products (Maeda et al., 1 991; 
Nakano et al., 1991; Zipris et al., 1991a; Toyoda et al., 
1992; Waters et al., 1992; Galley and Danska, 1995). 
Because of T cell recruitment, inflammation, determinant 
spreading of the autoimmune response, or a combina- 
tion of these, it has been proposed that a TCR-restricted 
monoclonal population of islet-infiltrated T cellsthat rec- 
ognize a single p cell autoantigen initiates islet infiltra- 
tion, but because of very low frequency may escape 



detection at the time of insulitis and subsequently during 
progression to IDDM (Yang et al., 1996). This problem 
necessitated analyses of TCR expression by T cells at 
time points preceding histologically detectable infiltra- 
tion. Assay of the TCR vp repertoire of islet-infiltrating 
T cells in very young NOD mice revealed that one mono- 
clonal TCR Vp8.2 gene product is expressed by T cells 
infiltrating the islets of these mice at 2 weeks of age 
(Yang et al., 1996). The resultant inflammatory response 
rapidly obscures the monoclonal nature of the initiating 
event. These findings suggest that IDDM in NOD mice 
may be initiated by the recognition of a single autoan- 
tigen. 

More recently, it has also been shown thatthe majority 
of T cell clones isolated from spontaneous islet lesions 
of prediabetic female NOD mice of 4-12 weeks of age 
are diabetogenic when adoptively transferred and react 
with a single autoantigen peptide consisting of residues 
9-23 of the insulin B chain (Simone et al., 1997). This 
subset of insulin B9-23-reactive T cell clones expresses 
no detectable TCR Vp restriction but is restricted to the 
expression of a single TCR Va1 3.3 chain combined with 
the Jct45 or Ja34 segments. These data suggest that 
immunodominant insulin B chain peptides recognized 
predominantly by restricted TCR Va chains may play a 
major role in progression to IDDM in NOD mice, in sup- 
port of the efficacy of preventive insulin B chain therapy 
of NOD IDDM (Zhang et al., 1991; Bergerot et al., 1994; 
Muir et al., 1995; Daniel and Wegmann, 1996; Berg- 
erot et al., 1997). Similarly, islet-infiltrated MHC class 
l-restricted CD8 + T cell clones obtained from diabetic 
NOD mice use strikingly homologous TCR Va and Vp 
gene sequences (Santamaria et al., 1995), suggesting 
that infiltrated CD8 + T cells may also recognize a more 
restricted set of p cell autoantigen epitopes even after 
the onset of IDDM. Thus, a iimited expression of TCR 
Va and Vp genes by certain subsets of pathogenic T cells 
may be associated with IDDM onset, but a consensus 
awaits further experimentation on a much larger number 
of islet-infiltrating (early and late) T cell clones in both 
prediabetic and diabetic NOD mice. 

Does an Imbalance Between Thl and Th2 Cell 
Activation Arise in NOD Mice, and Is This 
Imbalance Crucial in Determining Whether 
Autoimmune T Cell Reactivity 
Results in IDDM? 

Considerable evidence indicates that cooperation be- 
tween CD4 + and CD8 + T cells is required to promote 
development of IDDM in NOD mice (Bendelac et al., 
1987; Christianson et al., 1993) and that islet p cell 
destruction is mediated by both CD4 + (Haskins and 
McDuffie, 1990; Christianson et al., 1993; Rohane et al„ 
1995) and CD8 + (Wicker et al., 1995; Kay et al., 1996; 
Serreze at al., 1 996; Wang et al., 1 996; Wong et al., 1 996) 
T cells. Included among the effector cells of IDDM in 
NOD mice are CD4 + Thl cells, which preferentially se- 
crete interferon-y (IFN7) and tumor necrosis factor-a 
(TNFa) (Rabinovitch, 1994; Katz et al., 1995; Liblau et 
al., 1995; Piistrom et al., 1995; Trembleau et al., 1995; 
Shimada et al., 1996; Elias et al., 1997; von Herrath and 
Oldstone, 1997). Current evidence, albeit indirect, sug- 
gests that these effector Th1 cells and susceptibility 
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to IDDM may be regulated by CD4 + Th2 cells, which 
preferentially secrete interieukin-4 (IL-4), IL-5, IL-6, IL- 
10, and IL-13 (Rabinovitch, 1994; Liblau et al., 1995). 

Cell transfer experiments indicate that CD4 + cells initi- 
ate IDDM and that Th1 cells may be effector cells of 
disease in NOD mice, although CD8 1 " cells may also 
play an effector role and be responsible for the final 
destruction of islet p cells. The role of CD8 + T cells in 
IDDM in NOD mice has been addressed in a number of 
ways. It has been shown that p2-microglobulin (P2m)- 
deficient NOD mice (NOD^m™") lacking MHC class I 
molecules, and hence CD8 + T cells, do not develop 
IDDM or insulitis (Serreze et al., 1994; Wicker et al., 
1994). Expression of a p2m transgene in NOD-p2m" ul 
mice resulted in reconstitution of IFN7-inducible cell- 
surface MHC class I protein on islet p cells. These mice 
developed insulitis but did not develop IDDM. These 
studies demonstrate that p2m expression and cell-sur- 
face MHC class I expression on islet p cells are essential 
for the initiation of IDDM in the NOD mouse and further 
confirm that efficient progression to diabetes requires 
both CD4 + and CD8 + T cells (Kay et al., 1996, 1997). 

Furthermore, CD8 + islet cell-specific cytolytic T cell 
lines and clones from NOD mice can transfer IDDM to 
irradiated NOD mice if coinjected with nondiabetogenic 
CD4 + spleen T cells (Christianson et al., 1993; Wang et 
al., 1996). Therefore, CD8 + T cells as final effector cells 
in IDDM require signals from CD4 + T cells to effect p cell 
damage. However, in some cases when islet-reactive 
CD8 + T cells are adoptively transferred to irradiated 
female NOD or NOD.SCID mice, IDDM occurs very rap- 
idly and without CD4 + T cells (Wong et al., 1996, 1997). 
TCR transgenic NOD mice with a CD4 + T cell repertoire 
highly skewed for an anti-islet cell reactivity do not de- 
velop insulitis upon p2m deletion or treatment with anti- 
CD8 antibody (Wang et al., 1996). These results also 
suggest that CD8 + cells are required for effective prim- 
ing and expansion of autoreactive CD4 + cells in TCR 
transgenic mice. 

Evidence consistent with the presence of regulatory 
CD4 + T cells in prediabetic NOD mice is provided by 
reports that cyclophosphamide induces acute IDDM 
(Charlton et al., 1989); sublethal irradiation is required 
to transfer disease by diabetogenic T cells (Wicker et 
al., 1986); adoptive transfer of IDDM can be blocked by 
cotransferof CD4 + T cells from young nondiabetic males 
(Hutchings and Cooke, 1990) or females (Boitard et al., 
1989); and thymectomy and CD4 depletion potentiates 
the development of IDDM in NOD males (Sempe et al., 
1994). 

Curiously, several investigators have found that nu- 
merous T cell abnormalities emerge in NOD mice (Table 
1) in an age-related manner. Most notably, these abnor- 
malities are manifest by 4-6 weeks of age, coincident 
with the time of onset of periinsulitis, and include T cell 
proliferative hyporesponsiveness upon TCR stimulation 
(Zipris et al., 1991b), reduced IL-2 and IL-4 secretion in 
response to T cell activation (Rapoport et al., 1993a), 
and loss of regulatory T cell or suppressor T cell function 
(Bergerot et al., 1997). Another important change in T 
cell immunoregulation that occurs by the age of 4-6 
weeks in NOD mice is a skewing toward Th1 cells, as 
reflected by the cytokine secretion profiles of islet-infil- 
trating T cells (reviewed by Bach et al., 1997; Bergerot 



et al., 1 997). At this age, a high ratio of IFN7/IL-4 expres- 
sion can be found in the islet-infiltrated T cells of female 
NOD mice, and this ratio is predictive both of the onset 
of destructive insulitis and of a high incidence of IDDM 
in NOD females (Fox and Danska, 1997). In contrast, a 
high ratio of IL-4/IFN7 expression is detected in the islet- 
infiltrated T cells of male NOD mice, and the predomi- 
nant IL-4 expression at the onset of islet inflammation 
predicts the onset of a nondestructive insulitis and a 
low incidence of IDDM in male NOD mice. Thus, it is 
plausible that these variations in cytokine secretion may 
elicit a Th1/Th2 imbalance in 4- to 6-week-old NOD mice. 
More significantly, this pattern of differential cytokine 
expression in young female NOD mice may explain why 
several types of treatment of IDDM, including autoanti- 
gen-induced tolerance (Elliot et al., 1994; Tian et al., 
1 996), cytokine (IL-4)-mediated therapy (Rapoport et al., 
1993a; Mueller et al., 1996; Cameron et al., 1997a), and 
costimulation (CD28/B7)-mediated (Lenschow et al., 
1996; Arreaza et al., 1997) therapy, are most effective 
when administered to NOD mice beginning at 2-3 weeks 

What causes these early changes in T cell immunoreg- 
ulation in young NOD mice? It is possible that these 
changes are induced by a bacterial infection. Both IFN7 
expression and Th1 cell development are stimulated by 
IL-12. The administration of IL-12 induces the rapid on- 
set of IDDM, and the pancreatic expression of IL-12 
correlates with IDDM development in NOD mice (Trem- 
bleau et al., 1995). Several bacterial products are en- 
hanced by bacterial infection, including lipopolysaccha- 
ride and bacterial DNA, which potently induce IL-12 
production by macrophages. Thus, an adverse bacterial 
infection in a young NOD mouse may stimulate the pro- 
duction of IL-12, upset the Th1/Th2 balance in favor of 
a dominant Thl milieu, and thereby eiicit the onset of 
insulitis and IDDM. Further experimentation will be 
needed to determine the relevance of this interesting 

Another scenario, which may account for the age- 
related decline in regulatory CD4 + T cell function in NOD 
mice, is an induced state of anergy in young NOD mice. 
If regulatory Th2 cells protect against IDDM, then the 
induction of anergy in regulatory Th2 cells may elicit 
disease. TCR ligation-induced anergy is manifested by 
T cells in both the thymus and periphery of NOD mice. 
This T cell anergy, which is first detectable at the onset 
of insulitis and persists until the development of IDDM 
in NOD mice, is mediated by a large reduction in IL-2 
and the virtual absence of IL-4 secretion (Zipris et al., 
1991b; Rapoport etal., 1993a). Complete reversal of this 
NOD T cell anergy and complete prevention of destruc- 
tive insulitis and IDDM can be achieved by the systemic 
administration of either IL-4 (Rapoport et al., 1993a; 
Cameron et al., 1997a, 1997b) or an anti-CD28 mono- 
clonal antibody (Arreaza et al., 1 997) or by immunostimu- 
lation in vivo with adjuvants (Qin et al., 1993). Each of 
these treatments preferentially stimulates the intra-islet 
production of IL-4, a Th2-derived cytokine required for 
polarization of T cells to the Th2 subset. A significant 
proportion of regulatory CD4 + Th2-like cells may there- 
fore be anergic in NOD mice, a notion that is compatible 
with the recently proposed hypothesis that "regulatory 



Immunity 



Th2 cell anergy" can mediate the pathogenesis of IDDM 
(Salojin et a!., 1997a). Thus, as mentioned above, if 
young NOD mice become susceptible to bacterial infec- 
tion and this infection enhances the production of IL- 
12, the increase in 1L-12 concentration may down-regu- 
late IL-4 activity and lead to the anergy of IL-4-secreting 
Th2 cells. 

It appears that the function of Th2 cells may be com- 
promised in young NOD mice to a greater extent than 
that of Th1 cells, possibly because Th2 cells may pos- 
sess a higher activation threshold than Th1 cells. Hence, 
regulatory Th2 cells in NOD mice may be insufficiently 
stimulated mice to down-regulate diabetogenic Th1 
cells reactive against islet p cell autoantigens. Such a 
possibility could explain the proposed Th1/Th2 para- 
digm in IDDM (Liblau et al., 1995; Andre et al., 1996; 
Nicholson and Kuchroo, 1996), in which functionally ac- 
tive Th2 cells protect against disease. Strong evidence 
for this conclusion is lacking, however, since data both 
in favor and against this paradigm have been obtained. 
While NOD islet infiltrate-derived Th1 cells reactive to 
either insulin, GAD65, or another unknown islet autoanti- 
gen (Daniel et al., 1994; Katz et al., 1995; Daniel and 
Wegmann, 1996) and spleen-derived insulin-reactive 
Th1 cells (Daniel and Wegmann, 1996) can transfer 
IDDM, islet-derived CD4 + Th1 cells can also prevent 
IDDM (Chosich and Harrison, 1993; Akhtaret al., 1995; 
Tan et al., 1 996). Similarly, while IL-4-secreting Th2 cells 
(Bergerotet al., 1994; Ploix etal., 1997) and/or Th3 cells 
(secreting IL-4, IL-1 0, and transforming growth factor-p) 
obtained from the intestinal mucosa of oral insulin-fed 
mice transfer protection from IDDM (Chen et al„ 1994), 
islet-derived autoantigen specific Th2 cells do nottrans- 
fer protection from IDDM (Katz et al., 1995). Rather, the 
latter Th2 cells directly transfer a general pancreatitis 
into immunocompromised NOD.SCID mice but not neo- 
natal NOD mice (Pakala et al., 1997). In addition, two 
insulin-reactive and two GAD65-reactive splenic Th2 cell 
clones each elicited IDDM upon transfer into NOD.SCID 
but not neonatal NOD mice (Daniel and Wegmann, 1 996). 
Further investigation will reveal whether the exceptions 
to the Th1 effector paradigm (promotes IDDM) and the 
Th2 regulatory paradigm (protects from IDDM) are attrib- 
utable to differences in the tissue of origin, antigen spec- 
ificity, ability to home to pancreatic islets, level and dura- 
tion of cytokine production, ability to be regulated by 
interacting T cells and APCs, or other factors (e.g., bac- 
terial infection) in the various Th1 and Th2 cell popula- 
tions examined. 



How Can Regulatory CD4 + Th2 Cells Become 
Progressively Unresponsive and Ineffective 
in the Face of Autoreactive Thl Cells? 
If autoimmunity develops from a simple failure of nega- 
tive selection in the thymus, it is difficult to explain why 
there is little evidence of autoimmune reactivity in the 
pancreas of the NOD mouse throughout the first 3-4 
weeks of life (Andre et al., 1996). This outcome may 
arise from a deficit in regulatory CD4 + Th2 cell function. 
This deficit might be regulated by early events in T cell 
differentiation, which may elicit a dominance in the num- 
ber and function of diabetogenic Th1 cells relative to 



regulatory Th2 cells. NK-like thymocytes and peripheral 
T cells (NK-T cells), which proliferate in response to the 
CD1 MHC class I— like ligand, are believed to be a major 
T cell source of IL-4 for the development of Th2 cells 
(Bendelac et al., 1997). Interestingly, the number and 
function of NK-T cells is diminished about 3-fold in the 
thymus and periphery of NOD mice at 3 weeks of age, 
and anti-CD3-induced IL-4 secretion is barely detect- 
able until 8 weeks of age (Gombert et al., 1996a). IL-7 
plays a crucial role in the functional maturation of NK-T 
cells (Vicari et al., 1 996) and restores IL-4 production by 
stimulated mature NK-T cells in the thymus and spleen 
(Gombert et al., 1 996b). The NOD NK-T cell defect there- 
fore may arise from insufficient IL-7 bioavailability, which 
contributes to reduced IL-4 production by activated 
NOD T cells (Rapoport et al., 1993a; Cameron et al., 
1997a, 1997b). This deficiency in IL-4 production could 
ultimately generate an imbalance between Th1 and Th2 
cells, in favor of Th1 cells, in the periphery. Indeed, 
administration of IL-7 to NOD mice protects them from 
IDDM, and this protective effect is mediated by the abil- 
ity of IL-7 to restore the differentiation, function, and 
deficit of IL-4-producing T cells in NOD mice (Gombert 
etal., 1996b). 

Thus, a relative lack of IL-4 production by NK-T cells 
is associated with and may be causal to the onset of 
IDDM. This idea is further supported by the decreased 
frequency of IL-4-producing NK-T cells and the impaired 
IL-4 production by circulating T cells in the peripheral 
blood of patients with IDDM (Berman et al., 1 996; Wilson 
et al., 1997). It appears that IDDM is associated with an 
extreme Th1 phenotype for NK-T cells. These correla- 
tions between the development of autoimmune T cell 
reactivity and deficient CD4 + NK-T cell activity and fre- 
quency in the NOD mouse and in patients with IDDM 
provide a strong framework for the hypothesis that I DDM 
results from a failure of immune regulation. 

What is the Evidence That Immune Dysregulation 
Influences the Onset of IDDM? 

Despite the attraction of this "failure of immune regula- 
tion" hypothesis, the subject of whether NK-T cells are 
involved in the control of Th2 cell differentiation has 
been debated. While NK-T cells are not obligatory for all 
Th2-dependent responses (e.g., parasite- and antigen- 
specific responses as well as IgE production) in CD1- 
deficient mice (Brown et al., 1996; Bendelac etal., 1997; 
Smiley et al., 1997), T cell IL-4 secretion is markedly 
diminished in CD1 -deficient mice (Chen et al., 1997; 
Mendiratta et al., 1997; Smiley et al., 1997). NK-T cells 
are diminished in number and decreased in frequency 
prior to the onset of disease in several murine models 
of autoimmunity (Takeda and Dennert, 1993; Gombert 
et al., 1 996b; Mieza et al., 1 996; Vicari and Zlotnik, 1 996; 
Bendelac et al., 1997). In these models, autoimmunity 
is temporally accelerated by depletion of NK-T cells. 
IDDM in NOD mice may also be prevented by adoptive 
transfer of a cell population containing NK-T cells (Bax- 
ter et al., 1997). These sets of data are consistent with 
the notions that differentiation of T cells into IL-4- 
secreting Th2 cells requires IL-4 priming and that IL-4 
produced by NK-T cells stimulates Th2 cell differentia- 
tion and protects from autoimmune disease. 



An alternative explanation has been proposed for the 
mechanism of action of NK-T cells. Rather than contrib- 
uting solely to the generation of Th2 cells, NK-T cells 
may expand or maintain the survival or function of regu- 
latory Th2 cells and down-regulate islet-infiltrating ef- 
fector Th1 cells (Bach et al., 1997). A relative absence 
of NK-T cells during the first few weeks of life of an NOD 
mouse may upset this Th1/Th2 balance, initiate events 
that lead to immune dysregulation, and thereby influ- 
ence the onset of IDDM. 

Immune dysregulation and the onset of IDDM may 
result from several functional deficiencies in NOD mice 
(Table 1), which may generate an imbalance between 
autoimmune islet B cell-reactive T cells and the factors 
(cells and cytokines) that normally keep these T cells in 
check (Andre et al., 1996; Arreaza et al., 1996; Bergerot 
etal., 1997). At the onset of insulitis, the number of CD4 + 
T cells in NOD peripheral lymphoid organs increases 
(Zhang et al., 1994), and this increase subsides after the 
onset of IDDM (Zipris et al., 1991a). Coincident with the 
appearance of insulitis at about 4-6 weeks of age, a 
defective syngeneic mixed lymphocyte reaction (SMLR) 
response is detectable in NOD mice (Bergerot et al., 
1997). This age-related defect resides in an SMLR re- 
sponder spleen and mesenteric lymph node-derived 
CD4 + T cell population (Bergerot et al., 1997), is charac- 
terized by reduced lL-2 production by these T cells (Ser- 
reze and Leiter, 1988), and correlates closely with in- 
creased progression to IDDM (Baxter et al., 1 989). These 
observations may explain why splenic CD4 + T cells from 
only young (younger than 4-5 weeks old) NOD female 
mice are able to suppress or delay the transfer of IDDM 
(Boitard et al., 1 989). In an SMLR response, T cells prolif- 
erate in response to self-MHC class II, inducing the 
activation of regulatory T cells. As a result of the weak 
peptide-binding properties of l-A 9 ' molecules, the affin- 
ity of T cells for l-A^' molecules on interacting APCs in 
NOD mice may be too low to trigger the secretion of 
normal levels of several cytokines, including IL-2 and 
IL-4, and to generate functionally competent regulatory 
CD4 + T cells. Thus, a deficiency in, rather than an ab- 
sence of, regulatory CD4 + T cells is manifested during 
an SMLR response in NOD mice greater than 6 weeks 
of age (Bergerot et al., 1997). A similar peripheral immu- 
noregulatory defect occurs in patients with IDDM (Bow- 
man et al., 1994). 

The observation that NOD mice possess defective 
SMLR responses indicates that they possess a more 
global defect in CD4 + T cell-mediated suppression, and 
not only a loss of T cell specific tolerance to islet B 
cell autoantigens (Bergerot et al., 1997). Interestingly, 
all NOD mice, irrespective of age, sex, and disease pro- 
gression, possess islet cell-reactive CD4 + T cells in pe- 
ripheral lymph nodes, and similar reactivity occurs in 
non-diabetes-prone mouse strains (Burtles et al., 1992). 
In these strains as well as in NOD mice greater than 6 
weeks of age, cells from nonislet tissues fail to activate 
syngeneic T cells in an SMLR. The onset of deficient 
regulatory CD4 + T cell function at an early age may 
disrupt the T cell balance required to maintain self -toler- 
ance and thereby augment early T cell autoreactivity to 
islet cell autoantigens (Kaufman et al., 1993; Tisch et 



al., 1993). Such an imbalance may elicit a loss of immu- 
noregulation of pathogenic islet-reactive T cells and trig- 
ger the development of destructive insulitis and IDDM 
according to a model shown in Figure 1 . Thus, young 
nondiabetic NOD mice possess normal levels of func- 
tional regulatory CD4 + T cells until about 4-6 weeks of 
age, and then this T cell function declines rapidly as the 
first islet antigen-autoreactive T cells are detected. 

An important cytokine that may be involved in the 
regulation of some of the age-related functional defi- 
ciencies of NOD T cells is TNFa. TNFa increases T cell 
autoreactivity to islet cells and exacerbates IDDM when 
administered in low doses from birth to 3 weeks during 
neonatal life in NOD mice, while administration of anti- 
TNFa during this same neonatal period completely pre- 
vents the development of IDDM (Yang et al., 1994). In 
contrast, the administration of TNFa to adult NOD mice 
(26 weeks of age) blocks the development of IDDM, 
whereas anti-TNFa exacerbates IDDM in adult NOD 
mice. 

How may these paradoxical age-related differences in 
susceptibility and resistance to IDDM by TNFa treatment 
be explained? It is known that chronic TNFa exposure 
can down-regulate T cell effector function (decreased 
proliferation and reduced Th1 and Th2 cytokine produc- 
tion), while chronic anti-TNFa exposure, by blocking 
engenous TNFa, can up-regulate antigen-specific T cell 
responses and therefore up-regulate T cell effector func- 
tion (Cope et al., 1997a). Based on these findings, it has 
been proposed that TNFa in neonatal mice may act as 
a growth factor for T cells in the thymus, specific for 
both self and foreign antigens; augment peripheral T 
cell effector function by increasing the expression of 
integrins and selectins; and enhance the homing of acti- 
vated T cells to the pancreas (Cope et al., 1997b). Anti- 
TNFa blocks these effects and prevents primary follicle 
and germinal center formation in lymph nodes. This anti- 
TNFa treatment presumably decreases autoreactive B 
cell formation and associated B cell APC function and 
may also interfere with the development and migration 
of autoreactive T cells to the pancreas. 

Since chronic exposure to TNFa and anti-TNFa re- 
duces and augments signaling through the TCR, respec- 
tively (Cope et al., 1997a), an alternate scheme to ex- 
plain the effects of TNFa and anti-TNFa in neonatal and 
adult NOD mice has been hypothesized. According to 
the latter hypothesis, TNFa, which is constitutively ex- 
pressed in the neonatal thymus, may decrease TCR 
signaling and negative selection and increase the num- 
ber of autoreactive T cells that migrate to the periphery 
and possibly also the pancreas in a neonatal NOD mouse 
(Cope et al., 1997b). These effects may be blocked neo- 
natally by anti-TNFa and lead to increased negative se- 
lection and protection from IDDM. In an adult NOD 
mouse, TNFa-mediated reduction in TCR signaling may 
decrease autoreactive T cell effector function and inhibit 
the onset of IDDM, whereas anti-TNFa may exacerbate 
IDDM by increasing TCR signaling and stimulate autore- 
active T cell effector function. Thus, in an age-depen- 
dent manner, endogenous TNFa might be able to alter 
the thresholds required for negative and positive T cell 
selection in the thymus and in this way shape the autore- 
active T cell repertoire and susceptibility or resistance 
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Figure 1 . Model of Immune Dysregulation of 
T Cells Leading to Islet p Cell Destruction and 
Onset of IDDM in NOD Mice 
Immunologic self-tolerance to pancreatic p 
cells is normally maintained by CD4+ regula- 
tory Th2 T cells, which suppress the activa- 
tion of CD4+ autoreactive Th1 T cells. In the 
NOD mouse, a Th1/Th2 imbalance occurs in 
the thymus and periphery and leads to a pro- 
gressive, age-dependent elimination of func- 
tion of regulatory Th2 T cells. Autoreactive 
Th1 T cells become activated and mediate 
pancreatic islet p cell destruction by partlcl- 



phages (Mcp) and cytotoxic T lymphocytes 
(CTLs), and these Th1 cells also help B cells 
to produce lgG2a autoantibodies (Y) against 
islet |3 cell autoantigens. Finally, the loss of 
Th2 T cell-mediated immunoregulation leads 
to a spreading of autoreactivity to islet p cell 
autoantigens that ultimately results in the on- 
set of IDDM. (+), positive regulation; (-), neg- 
ative regulation. 



to IDDM. Studies of the effects of TNFa on negative 
and positive selection and of the possible role of this 
cytokine in controlling the function of regulatory CD4 + 
Th2 cells as well as certain other cytokines, chemokines, 
and their specific receptors in the periphery are prob- 
lems that merit further investigation. 

Does the Lack of Costimulation by CD28 or 
CTLA-4 Mediate the Onset of IDDM? 
Differentia! CD28-B7 costimulation for Th1 orTh2 devel- 
opment may be controlled by at least two candidate 
non-MHC IDDM susceptibility loci. CTLA-4 is a negative 
regulator of T cell activation and autoreactivity, and a 
mutation in the CTLA-4 gene may be associated with sus- 
ceptibility to IDDM in humans (Nistic et al., 1996; Todd 
and Farrall, 1996; Donner et al., 1997). The ldd-5 non- 
MHC-linked diabetogenic locus, which colocalizes with 
the CD28 and CTLA-4 genes on mouse chromosome 1, 
controls resistance to cyclophosphamide-induced apo- 
ptosis of NOD lymphocytes (Colucci et al., 1997). The 
expression of CTLA-4 and CD28 is defective in NOD 
mice, suggesting that one or both of these molecules 
may be involved in the control of apoptosis resistance, 
thymocyte selection, and IDDM susceptibility. Consis- 
tent with these notions, administration of soluble CTLA- 
4-lg to young NOD mice prevents IDDM (Lenschow et al., 
1995), and IDDM is enhanced in CTLA-4-lg transgenic 
NOD mice (Lenschow et al., 1996). 

Coexpression of B7-1 with TNFa in the pancreas in- 
creases the incidence of IDDM in transgenic NOD mice 
compared with the expression of either one of these 



transgenes alone (Guerder et al., 1994), in agreement 
with the result that the TNFa gene is tightly linked to an 
IDDM susceptibility locus (Nistic et al., 1 996). It stands to 
reason, therefore, that if the binding of islet autoantigen 
peptides to l-A> 7 preferentially up-regulates B7-1 ex- 
pression, this may limit B7-2 expression and Th2 cell 
development as well as activate other factors that po- 
tentiate the onset of IDDM. This idea is supported by 
the observations that IDDM is exacerbated in CD28- 
deficient NOD mice (Lenschow et al., 1996) and that 
IDDM is prevented by the administration of an activating 
anti-CD28 monoclonal antibody to young (2-4 week- 
old) but not older (a5 week-old) NOD mice (Arreaza et 
al., 1997). Thus, the coupled effects of peptide binding 
to l-A 9 ', deficiency in CD28 signaling and impairment in 
negative regulation by CTLA-4 of T cell activation may 
result in the insufficient costimulation, higher threshold 
of activation, resistance to apoptosis, and associated 
defect in proliferation and function of regulatory Th2 
cells found in NOD mice. 

Predictably, the net outcome of these coupled effects 
is similar to that which occurs in CTLA-4 deficient mice: 
namely, the dysregulation of costimulation, leading to 
the strong activation of T cells that mediate tissue de- 
struction and autoimmune disease. In NOD mice, the 
outcome is the progression from a nondestructive peri- 
insulitis, which persists until about 10-1 3 weeks of age, 
to a very invasive insulitis and then destructive insulitis 
that within the next 3 weeks initiates the onset of IDDM 
in about 80% of females (Bach et al., 1997; Gazda et 
al., 1997; Lafferty, 1 997). The possibility that an increase 



in CTLA-4 expression byTh2 cells mediates the appear- 
ance of invasive and destructive insulitis deserves fur- 
ther consideration. 



Does an IDDM-Susceptibility Locus Control the 

Progression from Nondestructive Insulitis 

to Destructive Insulitis and the Onset of IDDM? 

Deficient regulatory T cell-dependent control of autore- 
active effector T cells can elicit various autoimmune 
diseases depending on the genetic makeup of the host 
(Sakaguchi et al., 1996). Accordingly, the failure in T cell 
regulation and escape from islet p cell tolerance in NOD 
mice is also regulated by several (at least 16) IDDM- 
susceptibility and IDDM-resistant loci (Todd et al„ 1991; 
Serreze and Leiter, 1994; Ikegami et al., 1995; Wicker 
et al., 1995; Denny et al., 1997). Is it possible to identify 
which of these loci are involved in the regulation of 
progression from nondestructive insulitis to destructive 
insulitis and the onset of IDDM? 

A partial answer to this question has been provided 
by studies of the genetic control of the above-mentioned 
TCR-dependent NOD T cell proliferative hyporespon- 
siveness. This hyporesponsiveness trait of NOD T cells 
was found to colocalize with the ldd-4 non-MHC diabe- 
togenic locus, which maps to the central region of 
mouse chromosome 1 1 and includes the CC (3-chemo- 
kine gene family (Gill et al., 1995). This proliferative de- 
fect is intrinsic to T cells and results from the reduced 
ability of NOD T cells to activate TCR-coupled protein 
kinase C- and Ras-mediated second messenger signal- 
ing pathways (Rapoport et al., 1993b; Salojin et al., 
1997b). This may explain why IL-2 secretion is greatly 
reduced inTCR-stimulated NOD T cells, in keeping with 
the possibility that IL-2 may be the candidate non-MHC 
diabetogenic gene in the ldd-3 locus on mouse chromo- 
some 3 (Denny et al., 1997). Preliminary analyses sug- 
gest that a relatively high level of intrapancreatic ex- 
pression of the MIP-1|3 chemokine and low level of the 
MIP-1a chemokine is associated with nondestructive 
pen'-insulitis, whereas high intrapancreatic concentra- 
tions of MIP-1J3 and low concentrations of MIP-1(3 are 
associated with the stages of invasive and destructive 
insulitis (Cameron et al., 1997b). These chemokine pro- 
files appear to demarcate Th2- and Th1 -mediated im- 
mune responses, respectively (Taub et al., 1996), and, 
based on the Th1/Th2 paradigm, may offer an explana- 
tion of how different relative levels of intrapancreatic 
expression of certain 0 chemokines can either prevent 
or exacerbate IDDM. 

Conclusions and Future Perspectives 
Considerable evidence obtained during the past 15 
years suggests a major role for T cell immune dysregula- 
tion in the initiation of IDDM in NOD mice. T cell anergy 
and deficient T cell-mediated suppression may mediate 
susceptibility to IDDM in NOD mice, and Th2 cell anergy 
may be responsible for a failure in immune regulation. 
The key to the onset of immune dysregulation and aber- 
rant increase in the number of autoreactive T cells in 
the periphery may be that the activation threshold re- 
quired for TCR-stimulation is markedly increased in T 



cells from NOD mice and humans with IDDM. This in- 
crease in the number of peripheral T cells may arise 
from the weak peptide-binding affinity of l-As 7 molecules 
on NOD APCs and the resulting reduced capacity of 
APCs in the thymus of NOD mice to negatively select T 
cells with potential reactivity to islet autoantigens. While 
unresponsiveness to peptide/l-A 9 ' complexes may pre- 
clude stimulation of autoreactive T cells to a sufficiently 
high threshold level to induce their deletion, the levels 
of activation reached by these T cells may suffice to 
render them anergic to subsequent TCR stimulation. 
Nonetheless, this anergic state resulting from a failure 
of central and peripheral tolerance mechanisms remains 
capable of maintaining the autoimmune phenotype of 
these T cells. These T cells may still retain the capacity 
to initiate and contribute to the development of autoim- 
mune disease. 

Numerous fundamental questions related to IDDM re- 
main to be explored in the NOD mouse model, and 
include the following. (1) Are i-As 7 MHC class II molecules 
underexpressed on the cell surface of APCs, and if so, 
is this the result of their generally low peptide-binding 
affinity and inherent instability? Does this weak binding 
affinity for peptides mediate the positive selection and 
exit into the periphery of an increased number of islet 
autoantigen reactive T cells? (2) What are the critical 
autoantigens in IDDM, and is there a primary autoanti- 
gen that induces the onset of IDDM? (3) What are the 
mechanisms of induction of islet (3 cell death, and which 
pathways (e.g., Fas/FasL, TNFATNF receptor, or perforin) 
are most relevant to p cell apoptosis? (4) What agents, 
internal or external (e.g., viral, bacterial, or diet), trigger 
the onset of inflammation and IDDM? (5) What is the 
antigenic specificity and mechanism of action of regula- 
tory T cells that may mediate protection from IDDM? (6) 
Finally, which cytokines and chemokines are most active 
in the down-regulation of the autoimmune response, 
and what is their mechanism of action? These and other 
questions will direct our exploration of the mechanisms 
underlying IDDM and other autoimmune diseases. 
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Introduction 

Insulin-dependent diabetes mellitus (IDDM) Is a multi- 
factorial autoimmune disease for which susceptibility is 
determined by environmental and genetic factors. Inher- 
itance is polygenic, with the genotype of the major histo- 
compatibility complex (MHC) being the strongest ge- 
netic determinant. However, even in monozygotic twins, 
the concordance rate is only 50% (Bamett et al., 1981), 
indicating the importance of a number of as yet unidenti- 
fied environmental factors (Castano and Eisenbarth, 
1 990). There is a north-south gradient in incidenceof the 
disease with the highest incidence (1 %-1 .5% in Finland) 
being in northern Europe, with decreasing incidence 
in more southerly and tropical locations. Although this 
suggests the effect of infectious agents, inthe nonobese 
diabetic (NOD) mouse, germ-free NOD mice have the 
highest incidence (nearly 100%) that has been seen in 
any NOD colony. 

While MHC class II genotype is one of the strongest 
factors determining susceptibility to IDDM, it has long 
been apparent that susceptibility at MHC class II is a 
necessary but not sufficient predisposing genetic fa ctor. 
Microsatellite analyses of genome-wide polymorphisms 
in multiplex IDDM families and in NOD crosses with 
nonsusceptible strains have identified many other ge- 
netic regions that also influence susceptibility. Thus, in 
the NOD mouse there are at least 15 other regions on 
1 1 other chromosomes that contribute to genetic predis- 
position (Vyse and Todd, 1996 [this issue of Ce/fl). In 
man, linkage studies have suggested an even larger 
number (as many as 19) genetic regions determining 
IDDM susceptibility. For the most part, the genes de- 
termining susceptibility in each of these chromosomal 
regions have yet to be identified. Several of these re- 
gions also influence susceptibility to a murine counter- 
part of systemic lupus erythematosus and to a murine 
model of multiple sclerosis (Vyse and Todd, 1996). 

IDDM in animal models is T cell mediated and requires 
the participation of both CD8 + , class I MHC restricted 
and CD4 + , class II MHC restricted T cells (Wicker et al„ 
1995). Extensive studies in rodent models have failed 
to identify the origins of the autoreactivity in IDDM, but 
demonstrate the importance of a number (8-10) of islet 
p cell-expressed proteins that are the targets of the 
autoimmune process in this disease (Table 1). Other 
studies have shown the important roles of several regu- 
latory and proinflammatory cytokines, including inter- 
feron-y (IFN-y), tumor necrosis factor a (TNFot), interleu- 
kin-4 (IL-4), and IL-10, as well as the importance of a 



number of accessory molecules (B7.1, B7.2) (Lenschow 
et al.. 1995) and adhesion molecules (very late antigen 
4) (Yang et al., 1993). 

Studies of rodent models and preliminary studies in 
man have shown that the completion of (J cell destruc- 
tion can be considerably delayed or prevented by paren- 
teral administration of p cell autoantigens— including 
insulin, glutamic acid decarboxylase (GAD), and heat 
shock protein 60 (HSP60). A number of studies have 
also shown that manipulation of cytokine networks by 
administration of specific cytokines or their antagonists 
can delay or prevent diabetes. 

Together, these advances have set the stage for de- 
veloping a complete molecular understanding of the 
pathogenesis of this autoimmune disease and for the 
design of rational and effective means of prevention. 
Prevention could then replace insulin therapy, which is 
effective but associated with long term renal, vascular, 
and retinal complications. 



The Role of the Major Histocompatibility Complex 
Extensive sequencing of MHC class II alleles in man, 
the NOD mouse, and the Bio-breeding rat, as well as 
the use of NOD mice transgenic for several MHC class 
II molecules, has revealed a complex interplay between 
alleles of the two major isotypes of MHC class II mole- 
cules (HLA [human leukocyte antigen] DR and DQ in 
man, and l-A and l-E in the mouse]) (Wicker et al., 1 995). 
Susceptibility to type I diabetes is most strongly deter- 
mined by DQ and l-A(3 chain alleles that encode serine, 
alanine, or valine at position 57 on both chromosomes 
(Acha-Orbea and McDevitt, 1987; Todd et al., 1987). 
DQp and l-Ap position 57 aspartic acid positive alleles 
mediate resistance to IDDM, which varies in degree with 
the sequence of other residues in the DQa and p chains. 
Expression of l-E (p chain position 57 aspartic acid posi- 
tive) in the NOD mouse, and of DR B1 chains expressing 
aspartic acid at position 57, also mediates varying de- 
grees of resistance to type I IDDM. Thus, HLA DR B1 
alleles lacking aspartic acid at position 57 in Japanese 
patients are associated with a higher degree of suscepti- 
bility than Asp-57( + ) HLA-DR B1 alleles (Ikegami et al., 
1989, Diabetes, abstract). There is also evidence that 
MHC class I genotype may have a similar modifying 
effect (Ikegami et al., 1993). 

These associations have now been extensively tested 
in many studies (Nepom and Erlich, 1991) and several 
exceptions have been noted. (Ikegami et al., 1989, Dia- 
betes, abstract; Erlich et al., 1993). Results from these 
studies indicate that polymorphisms in the DQa chain, 
elsewhere in the DQP chain, and in the DR B1 chain 
play an important modifying role. In some populations 
this can be shown to be due to similar sequence poly- 
morphisms at DR B1 position 57, with aspartic acid 
negative alleles mediating susceptibility while aspartic 
acid positive alleles mediate resistance. (Ikegami et al., 
1989, Diabetes, abstract; Cucca et al., 1995). There is 
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Table 3. Peptides Bound by DR4 Subtypes 



• For specific references, see Atkinson and Maclaren, 1993. 



also evidence that a polymorphism at HLA-DR B1 posi- 
tion 74 can have a strong modifying affect on suscepti- 
bility (Cucca et a!., 1995) (Table 2, this study). 

Peptide elution studies by Ramensee et al. (1995) and 
Reich et al. (1994) have provided indirect support for 
the concept that HLA-DQ ,-DR, and l-A polymorphisms 
affect susceptibility to IDDM by selectively affecting the 
nature of the peptides presented to T cells by these 
class II molecules. These authors showed that peptides 
eluted from HLA-DR alleles that have or lack aspartic 
acid at HLA-DR|357 bind overlapping but distinct sets 
of peptides. Thus HLA DR B1-04 alleles lacking aspartic 
acid at position 57 bind peptides with glutamic acid or 
aspartic acid at position P9 in the peptide (Table 3). This 
is presumably because the absence of aspartic acid at 
DR £S1 position 57 leaves a conserved arginine at DRct79 
free to interact with a negative charge at the carboxyl 
terminus of the peptide (Stern et al., 1994; Wucherpfen- 
nig and Strominger, 1995). In position 57 aspartic acid 
positive alleles, Asp-57 forms a salt bridge with u-Arg- 
79, and peptides with a negative charge at or near the 
carboxyl terminus of the peptide are not bound to any 
appreciable degree. (These data are derived from amino 
acid sequence studies of complex mixtures of peptides 
eluted from the respective alleles. It is likely that both 
types of allele, which are nearly identical in sequence 
elsewhere in the DR (31 chain, will also bind many of the 
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Considerable evidence (see below) indicates that islet 
P cell damage and destruction is mediated by islet anti- 
gen specific T helper type 1 (Th1) lymphocytes. The 
results cited above suggest that, while susceptible and 
resistant alleles can present many of the same peptides, 
susceptible alleles also present a distinct subset of pep- 
tides with a negative charge at position P9. These pep- 
tides, when bound by susceptible DQ and l-A alleles, 
may preferentially induce a Th1 response. In contrast, 
resistant alleles would be expected to present peptides 
that would elicit a predominant Th2 response. NOD mice 
expressing transgenic l-A alleles (l-A d , l-A k , l-Ag 7 ) with 
a mutation to aspartic acid at position 57 in A p have a 
decreased or zero incidence of IDDM (see references 
in Quartey-Papafio et al., 1995). Cell transfer studies 
suggest this decreased Incidence Is the result of a pre- 
dominant Th2 response to islet cell antigens (Singer, et 
al., 1993). but definitive proof for this interpretation is 
yet to be published. Competition between susceptible 
and resistant alleles for binding a critical diabetogenic 
peptide has been postulated as an alternative explana- 
tion for these data (Nepom, 1990; Quartey-Papafio et 
al., 1995). Support for the former hypothesis is seen in 
studies of IDDM families (Thai and Eisenbarth, 1993). 
Although DQB1 0602 (an IDDM-resistant allele) positive 
siblings of diabetics rarely develop diabetes, they can 
produce high titers of autoantibodies to several islet 
cell antigens. This indicates that resistant alleles do not 
cause resistance by inducing more complete self-toler- 
ance to islet cell antigens than dothe susceptible DQP1 
alleles. (Nepom, 1990; Erlich et al., 1993). 

The results cited above bring us tantalizingly close 
to understanding how susceptible and resistant alleles 
mediate their effects. The issues raised can only be 
resolved when peptide epitopes derived from critical 
islet cell autoantigens have been identified and charac- 
terized with respect to their ability to elicit insulitis and 
IDDM-inducing T cells. The long list of antigens that are 
the target of an autoimmune response in both mouse 
and man (see below) means that the peptide epitopes 
derived from a number of islet cell autoantigens will 
have to be identified and characterized to achieve this 
goal. 



is Targeted in IDDM 
The strong association that exists between specific 
MHC class II alleles and disease susceptibility implies 
that the diabetogenic response is antigen driven. This 
is supported by the observation that T cells obtained 
from NOD mice in which the p cells have been ablated 
at an early age no longer have the capacity to adoptively 
transfer disease (Larger et al., 1995). Studies in the NOD 
mouse from the neonatal period until disease onset sug- 
gest that the diabetogenic response can be viewed as 
a series of stages culminating in massive (3 cell destruc- 
tion and the establishment of overt diabetes. Peri-insul- 
itis, first seen at 4-6 weeks of age, is characterized by 
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an accumulation of macrophages, dendritic cells, and 
B and T lymphocytes that enter the periductal areas but 
remain outside of the islet proper. At later time points, 
intra-insulitis develops and is characterized by the direct 
invasion of the islets by infiltrating ceils, and is depen- 
dent on the recognition of p cell antigen(s) (Wicker et 
al., 1992). A temporal analysis of p cell reactivity in NOD 
mice suggests that only a fewautoantigens are targeted 
in the early stages (Kaufman et al., 1993; Tisch et al., 
1 993). As intra-insulitis progresses, additional p cell de- 
struction occurs, apparently resulting in the sensitiza- 
tion and recruitment of other p cell-specific T cells found 
in the periphery. Intra-insulitis per se, however, does 
not appear to be sufficient to drive the response to an 
overt diabetic state. This is suggested by studies in NOD 
mice transgenic for a pathogenic T cell receptor (TCR) 
that exhibit a highly aggressive form of intra-insulitis 
beginning abruptly at 3-4 weeks of age, yet the time of 
onset (1 8-20 weeks) and the frequency of overt diabetes 
in these animals is only marginally enhanced (Katz et 
al., 1993a). These 3 week and 18-20 week checkpoints 
may reflect therequirement for additional eventsin order 
to initiate insulitisand then to progress to overt diabetes. 
These events may depend on the outcome of interac- 
tions occurring between effector and regulatory T cells 
(see below) or sequential targeting of specific p cell 
autoantigens, or both. 

Only in the past 5-7 years has the identity of most of 
the p cell autoantigens been determined. Despite this 
progress, little is known about the role these autoanti- 
gens may play in the disease process, I.e. whether they 
are in fact pathogenic. At present, conclusions regarding 
the possible role/importance of a given p cell autoanti- 
gen in IDDM are based upon two sources: first, observed 
correlations between autoantibody reactivity (and more 
recently T cell reactivity) and disease progression in 
man and in NOD mice, and second, studies determining 
whether the diabetogenic response in NOD mice can 
be modulated following treatment with the autoantigen 
or transfer of specific T cell clones, or both. 

Using the above criteria, glutamic acid decarboxylase 
(GAD) is one of only three critical p cell autoantigens. 
GAD is an enzmye with two isoforms, GAD65 and 
GAD67, that catalyze the biosynthesis of the neurotrans- 
mitter -y-aminobutyric acid. The presence of anti-GAD 
antibodies in the sera of prediabetic individuals has 
proven to be a reliable predictive marker for progression 
to overt diabetes (Baekkeskov et al., 1990; Hagopian 
et al., 1993). T cell reactivity in IDDM patients can be 
detected to a region of GAD that contains homology to 
the Coxsackie B P2-C viral protein (Atkinson et al., 1 994). 
The fact that Coxsackie B viral infections have been 
implicated in cases of IDDM has led to the intriguing 
hypothesis that recognition of GAD may be stimulated 
in some instances by a response to the virus. 

NOD mice also exhibit antibody reactivity to GAD (and 
to insulin). Responses to GAD and insulin (but not to 
other p cell autoantigens such as HSP60, peripherin, 
and carboxypeptidase H) can be detected in animals at 
an age when minimal histological signs of islet inflamma- 
tion are observed (Kaufman et al., 1993; Tisch et al., 
1993). Anti-GAD reactivity is seen in some NOD mice 
that exhibit extensive intra-insulitis, yet remain diabetes 
free (Tisch et al., 1 993). These observations suggest that 



recognition of GAD (and insulin, see below) occurs early 
in the disease process, and that anti-GAD reactivity may 
mediate initial events associated with intra-insulitis. 
NOD mice remain protected from diabetes when treated 
with GAD either at an age preceding islet inflammation 
or when exhibiting extensive intra-insulitis, providing 
functional evidence that GAD may have a critical role in 
the disease process (Kaufman et al., 1993; Tisch et al., 
1993; Elliott et al., 1994). In these studies protection, 
at least in part, appears to be mediated through the 
induction of GAD-specific regulatory T cells that secrete 
lymphokines that nonspecifically suppress the diabeto- 
genic response. To determine the relative contribution 
and precise role of anti-GAD reactivity in the disease 
process, experiments need to be done in which GAD- 
specific T cells are selectively tolerized by clonal dele- 
tion/anergy induction, to detect the effect this has on 
development of insulitis and IDDM. 

Insulin is another p cell autoantigen that appears to 
have a critical role in the diabetogenic response. Anti- 
insulin autoantibodies can be detected in ~50% of re- 
cent-onset IDDM subjects and are most frequent in 
younger children who exhibit an enhanced rate of p cell 
destruction (Castano and Eisenbarth, 1990). Insulin is a 
key T cell target in that insulin B chain-specific CD4 + T 
cell clones can accelerate diabetes in young NOD mice 
or adoptively transfer disease in NOD-sc/dmice (Daniel 
et al., 1995). Furthermore, oral or parenteral treatment 
of young NOD mice with whole insulin or insulin B chain, 
respectively, can protect animals from diabetes (Zhang 
et al., 1991; Muir et al., 1995). This protection again 
appears to be partially mediated through the induction 
of immunoregulatory T cells, so that the relative contri- 
bution of anti-insulin reactivity to the disease process 
is still not clear. In contrast to young NOD mice treated 
with GAD, animals receiving insulin or insulin-B chain 
continue to exhibit intra-insulitis, suggesting that anti- 
insulln reactivity may be necessary for more distal 
events in disease progression. 

Additional autoreactivity seen during the development 
of human diabetes includes antibodies to two tryptic 
fragments with molecular masses of 37 and 40 kDa, 
derived from a p cell antigen. Autoantibodies against 
these fragments have been detected in 60% of newly 
diagnosed individuals and appear to identify a subgroup 
of IDDM patients who rapidly progress to diabetes 
(Christie et al., 1 994). The recent discovery that the two 
tryptic fragments are derived from the putative tyrosine 
phosphatase IA-2 should aid in assessing T cell reactiv- 
ity to the autoantigen and its possible role in the diabeto- 
genic response (Passini et al., 1995). A protein desig- 
nated as p69 has been shown to be an additional target 
of autoantibodies found in IDDM patients (Pietropaolo 
etal., 1993). 

Autoantibodies and T cell reactivity specific for HSP60 
have also been detected In NOD mice. Whether HSP60 
is targeted in the human diabetogenic response remains 
unclear. However, treatment of NOD mice with HSP60 
protects animals from disease (Elias etal., 1991). More- 
over, it has been reported that treatment of hyperglyce- 
mic NOD mice with an HSP50-specific peptide can rees- 
tablish euglycemic blood levels (Elias and Cohen, 1 994). 
Finally, HSP60-specific CD4+ T cell lines have been 
shown to accelerate or block disease in NOD recipients 
(Elias etal., 1991). 



Undefined components of the p cell secretory granule 
have been shown to be targeted by pathogenic CD4 + 
T cell clones established from NOD mice (Haskins and 
McDuffie. 1990) and by CD4 + T cell clones from IDDM 
patients (Roep et al., .1990). 

Thus, a number of B cell autoantigens are recognized 
during the diabetogenic process. The task at hand is to 
distinguish those antigens that play a primary role in 
initiating the autoimmune process from those autoanti- 
gens that elicit an autoimmune response as a secondary 
event due to local inflammation. This might be achieved 
in animal studies in which the T cells specific for a given 
autoantigen are selectively tolerized, and the effect this 
has on insulitls and IDDM then determined. A sequential 
study overtime of T cell reactivity in HLA identical sib- 
lings of diabetics, and in recent onset IDDM patients, 
may also provide further insight into the relative impor- 
tance of a given autoantigen. 

The T Cell Response in IDDM 

Studies primarily in the NOD mouse have attempted to 
determine whether the repertoire of infiltrating T cells 
exhibit Voi or vp restriction. To date, there has been no 
consistent evidence indicating that restriction in Vet or 
Vp usage exists among T cells found in the pancreas. 
However, a recent study has reported that, in two dia- 
betic patients, preferential usage of the VP7 gene was 
detected in the infiltrating T cells (Conrad et al., 1994). 
This restriction was argued to be the result of T cell 
activation by an unidentified infectious agent encoding 
a superantigen within the islets. 

Studies with NOD mice deficient in MHC class I or 
class II expression— and in turn devoid of CD8 + on CD4 + 
T cells, respectively— have demonstrated that both T 
cell subsets are required for islet infiltration and subse- 
quent P cell destruction (Katz et al., 1993b; Serreze et 
al., 1994; Wicker et al., 1994). However, the respective 
contribution of each subset is presently not clear. Nu- 
merous studies have shown that CD4 + T cells alone are 
far more efficient in the adoptive transfer of disease 
than CD8 + T cells. The effectiveness of CD4 + T cells in 
transferring disease is most likely due to the secretion 
of lymphokines such as \FNy and TNFa that are directly 
toxic to p cells and that recruit nonspecific effector cells 
to amplify the response. CD8+ T cells on the other hand, 
may have a more restricted role in the disease process. 
It has been suggested that CD8 + T cells are required to 
initiate p cell injury, which in turn could lead to the 
priming of CD4 + T cells and subsequent amplification 
of the response (Wicker et al., 1 994). The lack of insulitis 
in class l-deficlent NOD mice and the appearance of 
CD8 + T cells in the islets prior to CD4 + T cells (Jarpe 
et al., 1991) support this notion. 

CD4 + T cell dominance in the diabetic process may 
reflect the critical role this subset has in regulating the 
immune system. CD4 + T cells can be divided into distinct 
subsets based on ther cytokine profiles. These subsets 
of Th cells opposeone another through reciprocal down- 
regulatory effects mediated by their respective cyto- 
kines. Th1 cells, which secrete IL-2, IFN7, and TNFa 
and predominantly support cell-mediated immunity, are 
believed to be the primary CD4 + T cells mediating IDDM. 
This is supported by animal studies showing that admin- 
istration of cytokines that promote Th1 development 



exacerbates the development of diabetes and that 
monoclonal antibodies specific for Th1 -derived cyto- 
kines block the development of the disease (Rabino- 
vitch, 1994). In addition, murine p cell-specific T cell 
clones that exhibit a Th1 phenotype can efficiently trans- 
fer disease in syngeneic young NOD recipients (Haskins 
and McDuffie, 1990; Shimizu et al., 1993; Katz et al., 
1995). Th2 cells, which are characterized by the secre- 
tion of IL-4, IL-5, IL-6, IL-10, and IL-13 and primarily 
support humoral mediated immunity, appear to have a 
down-regulatory role in IDDM. Administration of IL-4 
(Rapoport et al., 1993) or IL-10 (Pennline et al., 1994), 
both of which promote Th2 development and function, 
protects NOD mice from diabetes. In addition, purified 
T cells with a CD45RC 10 (Th2-like) phenotype prevent an 
induced form of diabetes in rats (Fowell and Mason, 
1993). 

Several studies indicate that a functional imbalance 
between the two Th cell subsets is a key determinant 
in establishing islet pathology. A high ratio of IFN7/IL-4 
producing T cells can normally be detected in infiltrates 
leading to the destruction of islets grafted under the 
kidney capsule in NOD mice (Shehadeh et al., 1993). In 
contrast, grafted islets in NOD mice containing infiltrates 
with a lower ratio of IFN7/IL-4 producing T cells (as 
a result of receiving Freund's adjuvant) remain intact. 
Furthermore, a recent study has suggested that an in- 
verse relationship exists between humoral reactivity to 
GAD and risk for IDDM in prediabetic patient populations 
(Harrison et al., 1993). 

The events that modulate the balance between the 
two Th subsets in IDDM are still a matter of speculation. 
Factors that may have quantitative or qualitative effects 
on T cell activation such as the density of MHC/peptide 
complexes on the surface of APCs (Pfeiffer et al., 1 995), 
TCR affinity/avidity for the binary complex, or interac- 
tions between costimulatory molecules (Lenschow et 
al., 1995) may lead to preferential development of Thl 
cells in IDDM. It is also conceivable that one or more of 
the several non-MHC genes that confer IDDM suscepti- 
bility may be associated with some aspect of Th cell 
subset development (Scott et al., 1994). 

To view the regulation of the disease process strictly 
in terms of Thl and Th2 subsets is undoubtly an over- 
simplification. For example, CD4+ Th1 autoreactive T 
cell clones have been established from NOD mice that 
secrete an unknown factor which can suppress the 
adoptive transfer of diabetes (Akhtar et al., 1995). In 
addition, T cells expressing a diabetogenic TCR and 
cultured under conditions to promote Th2 development 
are unable to mediate protection in NOD recipients (Katz 
et al., 1995). CD8 + T cells have also been shown to 
exhibit Th1- and Th2 -like phenotypes, and the contribu- 
tion of cytokines secreted by non-T cells must certainly 
be considered. The development of a given Th cell sub- 
set and, in turn, the outcome of the diabetogenic re- 
sponse undoubtedly involve the interplay of a number 
of cell types and factors. 

Immunotherapy 

Early attempts to prevent IDDM typically relied on immu- 
nosuppressive drugs (cyclosporine) or drugs that indis- 
criminantly inhibit cell proliferation (imuran), often lead- 
ing to serious side effects. Therefore, a great deal of 
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effort has focused on selectively targeting those T cells 
involved in the disease process. One general approach 
has been to employ monoclonal antibodies specific for 
molecules expressed by the effector T cell population. 
Monoclonal antibodies specific for CD4 (Shizuru et al., 
1988) and CD3, a component of TCRs (Chatenoud et 
al., 1993), have been shown to be effective in the preven- 
tion and treatment, respectively, of diabetes in NOD 
mice. Similarly, prediabetic NOD mice are protected 
from disease when treated with antibodies that interfere 
with antigen recognition (anti-class II, Boitard et al., 
1988; anti-TCR, Sempe et al., 1991), cellular activation 
(anti-B7; Lenschow etal., 1995), and homing to the pan- 
creas (anti-L selectin and anti-VLA-4; Yang et al., 1993). 
Finally, antibodies targeting cytokines associated with 
Th1 activity (anti-IFN 7 , anti-TNFa.andanti-IL-12; Rabin- 
ovitch, 1 994) have been able to prevent disease in predi- 
abetic NOD mice. In general, however, the applicability 
of antibodies specific for these "immune-related mole- 
cules" to human IDDM is limited by the side effects of 
chronic administration, such as immunogenicity, and 
the lack of selectivity. 

An alternative approach is to devise protocols in which 
immunomodulation can be selectively applied through 
the use of a specific antigen/peptide. Recently, it has 
been demonstrated that insulin, when adminstered prior 
to the onset of diabetes, can delay or prevent disease 
in individuals at high risk for IDDM (Keller et al., 1993). 
The precise mechanism by which protection is mediated 
is not known. Both metabolic and immunologic factors 
may contribute to the effectiveness of this form of ther- 
apy. Nevertheless, multicenter trials of subcutaneous 
insulin prophylaxis to individuals at high risk for devel- 
oping diabetes have recently been initiated. 

In general, antigen-specific tolerance can be induced 
via two distinct processes: clonal deletion/anergy and 
induction of regulatory T cells. Clonal deletion/anergy 
has been shown to be effective in acute experimental 
autoimmune diseases where the inciting autoantigen/ 
peptide is known. However, the high degree of specific- 
ity associated with this approach might be limiting in 
IDDM, in which the inciting autoantigen is not known, 
and where spreading of the autoimmune response to 
a number of epitopes within a single autoantigen and 
targeting of other autoantigens occur. Despite these 
reservations, administration of GAD, insulin, or HSP60 
(but not carboxypeptidase H or peripherin) to NOD mice 
appears to result in the induction of antigen-specific 
regualtory T cells (Th2) that effectively suppress the 
disease. These regulatory T cells are thought to sup- 
press the effects of nearby diabetogenic T cells through 
the antigen-stimulated secretion of IL-4, IL-10, and 
TGFB. The advantage of this approach is that knowledge 
of the inciting p cell autoantigen (if only one such antigen 
truly exists) is not required. However, It Is still unclear 
whether regimens can be devised that effectively induce 
a long lasting form of active suppression with no delete- 
rious side effects in a clinical setting. For example, oral 
administration of antigen appears to be nontoxic, but 
its effects are variable and dose specific. This does not 
appear to be the case with systemically administered 
antigen. However, the possibility exists that systemic 
administration of antigen might have an immunizing ef- 
fect and exacerbate disease. 



Although antigen-specific immunotherapy appears to 
be a promising method to prevent IDDM, it is most likely 
that a combination of approaches may prove to be more 
generally effective. Thus, active suppression by antigen- 
induced regulatory T cells may be enhanced in concert 
with antibodies targeting cytokines required forTM de- 
velopment and function. Furthermore, as additional p 
cell autoantigens are identified and shown to have a 
role in the disease process, therapy might employ a 
number of autoantigens to target the polyclonal popula- 
tion of autoreactive T cells, thereby increasing the likeli- 
hood of successful treatment. 

Even if safe, effective, and long lasting immunother- 
apies are developed, their application is a formidable 
challenge. Only 15% of new cases of IDDM occur in 
families with a previous case in the kindred. Overt diabe- 
tes develops only when p cell destruction is nearly com- 
plete, and the patient Is asymptomatic for months or 
years until that point is reached. Immunotherapy thus 
must be preventive, which requires inexpensive, accu- 
rate genetic, autoantibody, and T cell screening tech- 
niques. Given the large number of islet cell autoantigens 
now available and the rapid progress in identifying ge- 
netic susceptibility markers, such screening techniques 
should soon be feasible. Hopefully, effective methods 
of prevention will promote widespread population 
screening and the application of preventive therapy. 
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I. Introduction 

DIABETES mellitus is simply defined on the basis of 
hyperglycemia. It is, however, a highly heterogeneous 
disease. A major advance was made in the late 1960s when 
insulin-dependent diabetes mellitus (IDDM, type 1) was 
distinguished from non-insulin-dependent diabetes mellitus 
(NIDDM, type 2). Another milestone was the realization in 
the 1970s that in most cases IDDM has, presumably, an 
autoimmune origin (1-4). This offered new clues to the 
etiology and elicited hopes of immunoprevention, which is 
still the ultimate goal of research in the immunology of 
IDDM. 

This review will attempt to cover the major pending ques- 
tions on the origin of the autoimmune process that leads to 
IDDM and will discuss in some depth genetic predisposition 
and environmental factors, the interaction of which creates 
the conditions required for disease onset. This will be fol- 
lowed by a characterization of the anti-/J-ceIl immune re- 
sponse and the mechanisms by which the 0-cell lesion is 
induced. Also discussed will be how physiological tolerance 
to self-antigens of /3-cells is lost in diabetic subjects, as it is 
the pathogenic event underlying T cell-mediated ^-cell 
aggression. The review will conclude with present and po- 
tential clinical applications of these concepts, which have 
already changed the face of diabetology and will continue to 
gain momentum. Animal models of the disease will be pre- 
sented first and will figure strongly throughout this review, 
inasmuch as they have provided exceptional means for ge- 
netic and immunological manipulations inaccessible in man. 



518 



Downloaded from edrv.endojournals.org by on July 28, 2008 



August, 1994 



AUTOIMMUNE ORIGIN OF IDDM 



517 



II. Animal Models of IDDM 

A broad spectrum of animal models of IDDM have become 
available over the last 10 yr. They comprise spontaneous 
models, in which disease develops unprovoked, and experi- 
mental models induced by various types of intervention. 

A. Spontaneous models 

Two major models of IDDM are used: the nonobese dia- 
betic (NOD) mouse and the Bio Breeding (BB) rat, which 
develop a disease very similar, by most evaluable criteria, to 
human IDDM. 

1. The NOD mouse. The NOD mouse was discovered in Japan 
in the late 1970s (5). It was inbred, distributed worldwide, 
and used to establish numerous colonies. These colonies 
differ widely in the frequency and the age of onset of IDDM 
(6), owing to multiple environmental factors (see below). 
Diabetes usually appears between 4 and 6 months of age, 
much more frequently in females than in males. Clinical 
diabetes is preceded by infiltration of the pancreatic islets by 
mononuclear cells (insulitis), which occurs at about 1 month 
of age in both sexes. In addition to diabetes, NOD mice 
present thyroiditis (7), sialitis, and, late in life, autoimmune 
hemolytic anemia (8). Extrapancreatic autoimmune manifes- 
tations, including thyroiditis, are also found in a subset of 
human diabetics with female preponderance (sometimes 
called type lb). Recently, interesting new experimental tools 
have been constructed. They include the NOD/nude mouse, 
where the nude (athymic) genotype has been introduced by 
repeated backcrosses in the NOD mouse background (9), 
and the NOD/scid mouse, in which a mutant gene encoding 
a defect common to both site-specific DNA recombinational 
and DNA repair pathways has been introduced into the 
NOD genome, leading to a severe combined immunodefi- 
ciency (10). These models can be used to perform unique 
experiments of cell transfer without interference from the 
(deficient) recipient immune system. Also noteworthy is a 
model of accelerated diabetes induced by cyclophosphamide, 
an alkylating agent widely used as an immunosuppressive 
drug. Two injections of 200 mg/kg at a 14-day interval 
induce diabetes in most male and female mice within 2 to 3 
weeks (11, 12) through a mechanism probably involving 
elimination of regulatory T cells (discussed below). 

2. The BB rat. The BB rat was initially developed in Canada 
in the early 1970s (13). At about 4 months of age it develops 
severe diabetes, preceded, as in the NOD mouse, by insulitis. 
A particular feature of the BB rat is the presence, early in 
life, of major lymphocytopenia (14), involving a particular 
lymphocyte subset characterized by the RT6 antigen (15). 
Diabetes is usually associated with thyroiditis in this model. 
Not all BB rats develop diabetes: a subset of BB rats repre- 
senting a genetic drift are diabetes resistant (DR-BB). 

B. Experimentally induced diabetes 

At variance with most autoimmune diseases, in which the 
target autoantigens are known, we as yet have no experi- 
mental model of diabetes induced by administration of the 



target /8-cell autoantigen incorporated in adjuvant, with the 
exception of transient diabetes induced by a peptide derived 
from a candidate target autoantigen, heat shock protein 60 
(16, 17). Fortunately, numerous other experimental models 
are available. 

1. Chemically induced diabetes. Streptozotocin (STZ)-induced 
diabetes. /J-Cell destruction can be achieved by administering 
high doses of /3-cell-selective toxic agents such as STZ (18) 
and alloxan (19). Repeated administration of STZ at low, 
subdiabetogenic doses also causes diabetes preceded by in- 
sulitis (20). Such low dose STZ-induced diabetes appears to 
be immunologically mediated, as indicated by resistance of 
athymic mice (21) and prevention by immunosuppressive 
agents (20) even if some intriguing data have recently been 
reported showing induction of the low-dose STZ diabetes in 
NOD-scid/scid mice in the absence of functional lympho- 
cytes (21a). The mechanisms of insulitis and diabetes appear 
to relate to STZ-induced changes in islet immunogenicity: 
insulitis only appears on islets grafted in STZ-treated mice if 
grafting is performed before STZ administration or if the 
islets are first exposed to STZ in vitro (22). The mechanisms 
of these changes are not fully understood but might be 
related to the induction by STZ of increased expression of 
class II molecules of the major histocompatibility complex 
(MHC) on /S-cells. This increased expression has been directly 
visualized (23), and low-dose STZ-induced diabetes is pre- 
vented by anti-interferon-7 (IFNt) antibody therapy (24), 
which is known to inhibit MHC molecule expression. The 
relevance of this mechanism to human IDDM pathogenesis 
will be discussed later, but it is interesting to note here that 
NOD mice are susceptible to lower repeated STZ doses than 
conventional strains with the highest STZ sensitivity (25, 26), 
pointing to the possible role of toxic environmental factors 
in genetically predisposed individuals. 

2. Immunomanipulation. Thymectomy performed within 2 
days after birth can induce a flourishing state of autoimmu- 
nity in mice (27). Whether the emergence of autoreactive 
clones is due to elimination of the censor function of the 
thymus (negative selection of autoreactive clones) or to the 
loss of suppressor function is still being debated (27). Simi- 
larly, insulitis and diabetes (associated with thyroiditis) can 
be induced in normal non-autoimmune adult rats by com- 
bining adult thymectomy and sublethal irradiation (28, 29) 
or in athymic rats by transfer of normal spleen cells (30). The 
disease can be prevented by adniinistration of CD4+RT6+ T 
cells derived from normal rats (28) or facilitated in the 
adoptive transfer model by prior depletion of RT6+ cells in 
vivo (30), suggesting that in both models diabetes is due to 
the elimination of a RT6+ T cell subset with suppressor 
function. It is interesting to note the paradox between these 
models in which thymectomy promotes diabetes and the 
observation, discussed later, that neonatal thymectomy pre- 
vents the onset of diabetes in NOD mice and BB rats. One 
may presume that in the latter case thymectomy prevents 
the differentiation of effector T cells (perhaps together with 
that of helper T cells) while in the former, where thymectomy 
is slightly delayed, there is only inhibition of suppressor T 
cell differentiation. 
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3. Transgenic mice. Selective expression of various trartsgenes 
in /3-cells can be induced by coupling them to the insulin 
gene promoter. This strategy has been applied successfully 
to a number of models, leading to the induction of insulitis 
and/or diabetes. Insulitis, the hallmark of immunologically 
mediated diabetes, can be induced in mice transgenic for the 
simian virus SV40 T antigen gene when the transgene is 
expressed in /3-cells late in ontogeny (after thymic negative 
selection has taken place) (31). Insulitis is the consequence 
of an anti-T antigen T cell-mediated response. Interestingly, 
when the T antigen is expressed earlier in ontogeny, mice 
are tolerant to the antigen and do not become diabetic (but 
they may then develop insulinoma). Similar results can be 
obtained with the IFN7 gene, which probably operates by 
enhancing the expression of class II MHC molecules in 
/3-cells (32). Diabetes in such transgenic mice is of an autoim- 
mune nature, since the disease is transferred to normal 
syngeneic islets grafted into the transgenic mice, and lymph- 
oid cells from the transgenic mice are cytotoxic to normal 
islets in vitro (33). Similar but less clear-cut data have been 
reported with IFNa (34), tumor necrosis factor-a (TNFa) (35, 
36), and interleukin (IL)-IO (37). Interestingly, in the two 
latter cases insulitis occurred but diabetes did not (i.e. there 
was no jS-cell lysis). 

Another approach consists of expressing various genes, 
notably viral genes, early enough in development to prevent 
anti-^-cell sensitization and then attempting to provoke 
IDDM either by infecting the mice with the corresponding 
virus or by hybridizing them with other transgenic mice 
expressing the genes for T cell receptors (TCR) specific to the 
transgene-encoded antigen. Oldstone et al. (38) showed that 
transgenic mice expressing the gene of the murine lympho- 
cytic choriomeningitis virus (LCMV) glycoprotein became 

Table 1. Transgenic mice for the study of IDDM 



Immune diabetes or insulitis. 
Single transgenics (transgene coupled to insulin promoter) 
SV40-T antigen (31) 
IFN-7 (32, 33, 34) 
TNF (35, 36) 
IL-10 (37) 

LCMV glycoprotein + virus infection (38, 242) 
Influenza virus hemagglutinin (39) 
Double transgenics 
Influenza virus hemagglutinin (/S-cells) + TCR (40a) 
LCMV + TCR + virus infection (/3-cells) (41) 

Nonimmune IDDM (without insulitis) 
MHC class I (42) 
MHC class 11(43,44) 
Calmodulin (46) 

Transgenic NOD mice (protection from insulitis and/or diabetes) 
I-A I-A d (257) 

I-A k (53, 54, 256) 





Ac (Pro 56) 


(55) 


I-E 


E C67BL 


(56) 






(55) 




E<* k 


(57) 


L J 




(58) 



diabetic after infection with LCMV, due to destruction by 
antigen-specific cytotoxic T cells of /3-cells expressing the 
viral antigen. This shows that selective expression of the viral 
antigen in /3-cells (and presumably not in the thymus) early 
in development does not lead to tolerance toward this anti- 
gen, since it would have then prevented sensitization in the 
adult. Insulitis and diabetes have been observed in the ab- 
sence of viral infection in transgenic mice expressing the 
influenza virus hemagglutinin in /3-cells (39). One should 
note, however, that in a similar model Lo et al. (40) failed to 
induce diabetes in transgenic mice expressing the influenza 
virus hemagglutinin in /3-cells even after infection with he- 
magglutinin-expressing viruses. 

The double transgenic strategy has been used successfully 
for the influenza virus hemagglutinin (40a) and the glyco- 
protein of LCMV (41). It is important to note that infection 
by the virus was necessary to obtain diabetes in the case of 
LCMV glycoprotein, suggesting that in certain experimental 
conditions nontolerant T cells may ignore their target anti- 
gens expressed in jS-cells. Viral infection may then stimulate 
the recognition of the antigen and T cell activation, indicating 
that overcoming ignorance may require T cell preactivation. 
Virus infection was not required to obtain diabetes in the 
influenza hemagglutinin model. This difference suggests 
that, depending on the transgenic mice utilized (i.e. MHC 
and non-MHC genotype, MHC class I or class II restriction, 
environmental factors, etc.), coexpression of the target anti- 
gen in /3-cells and the corresponding TCR is sufficient for 
diabetes to occur in the absence of T cell activation. We shall 
see below that NOD mice transgenic for the TCR of diabe- 
togenic T cell clones develop accelerated diabetes. However, 
it should be emphasized that coexistence of the antigen and 
the specific TCR does not necessarily lead to elimination or 
activation of these T cells suggests that, in these settings, T 
cells may 'ignore* their target antigen. 

Diabetes can also occur in transgenic mice expressing MHC 
class I (42) or class II (43-44) genes in /3-cells; however, in 
this case diabetes is not due to an immune reaction (i.e. there 
is no insulitis) but rather to /S-cell functional alterations due 
to overexpression of multiple copies of the MHC molecules. 
Indeed, /3-cell expression of smaller amounts of MHC mole- 
cules does not induce diabetes (45), and expression of non- 
MHC molecules such as calmodulin can induce a similar 
type of nonimmune IDDM (46). 

C. Lessons from animal models 

These animal models have enabled us to make remarkable 
progress over the last few years in understanding the path- 
ogenesis of IDDM. They have been used for the transfer 
experiments necessary to prove the autoimmune nature of 
the disease and have allowed the production of islet-specific 
T cell clones and enabled fine analysis of MHC and non- 
MHC diabetes predisposing genes. Finally, they have al- 
lowed the evaluation of the various immunointervention 
procedures to be potentially used in man. 

It is essential to bear in mind, however, that IDDM is a 
heterogeneous disease (see Section IX.A) and that each animal 
model represents, at best, the counterpart of an individual 
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human case reproduced in multiple copies. In addition, it 
should be remembered that most experimentally induced 
models correspond to highly artificial situations far from the 
conditions in which spontaneous disease develops. 



III. Genetics of IDDM 

A. Introduction: familial transmission of the disease 

IDDM has long been known as a hereditary disease on the 
basis of the relatively high rate of familial transmission: the 
risk of becoming diabetic is approximately 7% for a sibling 
and 6% for a child of a diabetic (47). The disease concordance 
rate is approximately 35-40% in identical twins (47, 48) but 
penetrance of genetic factors evaluated from the identical 
twin concordance rate is probably less than 40% for the 
.following reasons: 1) twins share more environmental factors 
than unrelated individuals, 2) there is a tendency for disease- 
concordant identical twins to respond more to population 
calls than nonconcordant twins, and 3) a significant percent- 
age of twins carrying the whole set of predisposing genes 
are both resistant to the disease. 

B. Approaches to identifying IDDM predisposition genes 

The above patterns of familial transmission, combined 
with data from animal models, indicate that the determinism 
of IDDM is polygenic and multifactorial. The search for 
predisposition genes is complex, especially as most if not all 
predisposition genes appear to be basically "normal' i.e. 
without mutations or deletions. A fortuitous combination of 
these genes, together with permissive or triggering environ- 
mental factors, provokes the disease. Each of these genes 
may be present in a large proportion of healthy subjects 
(notably the patient's nondiabetic relatives). 

There are two distinct strategies for identifying IDDM 
predisposition genes. In the first, one selects candidate genes 
coding for presumed elements of the pathological process 
such as the T cell receptor, MHC molecules, jS-cell autoanti- 
gens, insulin, and cytokines and seeks links between their 
polymorphism and the disease. 

In the second approach (identical to that used for mono- 
genic diseases), segregation of the disease or of one of its 
major traits (partial phenotype) and that of polymorphic 
markers distributed throughout the genome are studied in 
parallel in multiplex families. The most easily accessible and 
informative markers now available are microsatellites, i.e. 
simple sequence repeats whose length varies between indi- 
viduals in an allele-stable fashion. 

C. The role of the MHC 

Given the major role of MHC molecules in antigen pre- 
sentation to T cells, MHC genes are obvious candidate pre- 
disposition genes for IDDM (and all other autoimmune dis- 
eases), even if, in fact, their association with IDDM was 
discovered fortuitously (49, 50), before MHC restriction of 
antigen recognition by T cells was unraveled. 

The role of the MHC in genetic predisposition to IDDM is 



predominant, as shown by the high disease concordance rate 
in HLA-identical siblings (-12%, and even 15-17% in DR3/ 
4 heterozygotes) (47). It is also fully confirmed in murine 
models of the disease by segregation studies (51), by the 
absence of diabetes observed in congenic mice genetically 
identical to NOD mice except for the MHC (52), and by the 
prevention of the disease by introduction of various MHC 
transgenes differing from the NOD MHC, either class II (I- 
A) (53-55), I-E (55-57), or class I (58). 

1. Animal models. Diabetes onset is closely dependent on the 
MHC in NOD mice at the level of the I-A locus (51, 59) in a 
dominant fashion (52). Sequence analysis of the I-A NOD gene 
has shown that this allele has a serine residue at position 57 
of the /8-chain at variance with all common mouse strains 
that have an Asp at that position (60). However, absence of 
Asp at position 59 does not entirely explain the role of the 
MHC, since transgenic mice expressing I-A genes without an 
Asp at position 57 of the I-A/?-chain can be protected from 
diabetes (54, 55). Also, NOD mice do not express genes of 
the other I locus, I-E, owing to a mutation of the Ea promoter 
region (59). NOD mice transgenic for I-E (55-57) are pro- 
tected from the disease, an important finding suggesting a 
protective role of I-E genes even though I-E+ NOD mice 
obtained by backcrossing with I-E+ strains may develop 
diabetes (61). Segregation studies have also pointed to the 
major predisposing role of the MHC in the BB rat with partial 
dominance of the RT-l u -allele (62). Interestingly, in RT-1 U X 
RT-l b crosses, diabetes is associated with the u-allele, 
whereas thyroiditis is associated with the b-allele (63). It 
remains to be determined whether class II loci are exclusively 
involved in the MHC-associated predisposition to diabetes 
in these animal models (independently from the numerous 
non-MHC predisposing genes to be discussed below). 

2. Human IDDM. IDDM is positively associated in Caucasians 
with two sets of alleles: 1) HLA Al, B8, DR3 DQB1*0201 
and 2) DR4 DQB1*0302 (64-65). This association was ini- 
tially shown by means of serological typing (49, 50) and has 
now been confirmed by direct genomic typing with polym- 
erase chain reaction and hybridization using sequence-spe- 
cific oligonucleotide probes (66, 67). The association holds 
for alleles on neighboring loci (haplotype) because of the 
tight linkage disequilibrium in the MHC. This is particularly 
true for the ancestral extended haplotype Al B8 DR3 
DQB1*0201 DQA1*0501, which comprises class III genes 
and the TAP2*0101 allele, making it difficult for this haplo- 
type to determine the precise locus that predisposes to the 
disease. The case is clearer for DR4-DQB1*0302, where the 
DQ locus seems to be directly involved (64, 65) in keeping 
with the putative Ir gene function of class II genes (i.e. HLA 
class II molecules bind antigenic peptides and present them 
as a molecular complex to the TCR). Attention has been 
drawn to the nature of the residue at position 57 of the HLA 
DQ/8-chain (absence of Asp in IDDM-predisposing alleles) 
(68). The Asp residue is much more rarely found in diabetics 
than in the general population and almost never in double 
copy (homozygous state). This observation is particularly 
interesting in view of the critical place of this residue in 
MHC-peptide interactions. The highest relative risk is ob- 
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served in DR3/4 heterozygotes, with a disease frequency 
higher than that predicted from the relative risks associated 
with individual alleles. It is not known whether this apparent 
synergy is due to the synergistic interaction between two 
independent HLA genes or to the creation of a hybrid mol- 
ecule made of chains encoded by the two alleles (65). Such 
transcomplementation has been formally demonstrated (69) 
but its pathogenic role is uncertain. 

Other MHC genes are associated with 1DDM protection, 
their frequency being lower in diabetics than in die general 
population. This is the case for DR2 (63, 64, 66, 67) and for 
the TAP2*0201 allele (70, 71), which codes for a transporter 
of antigenic peptides to MHC class I molecules. Whether this 
latter association is intrinsic or relates to a linkage disequilib- 
rium with class II alleles remains to be determined. It is 
important to continue investigations of the mechanisms of 
MHC-associated IDDM protection, which could include, in 
addition to defective peptide transport, peptide capture by 
the protective HLA molecules that prevents binding of the 
peptide to the predisposing HLA molecules and, thus, its 
effective presentation to T cells or the generation of suppres- 
sor cells of the TH2 type (63). Finally, note that analysis of 
the MHC-IDDM association is complicated by disease het- 
erogeneity, notably in terms of age of onset (67) and ethnic 
origin (63-65). 

D. Non-MHC genes 

The involvement of non-MHC genes in the predisposition 
to IDDM is demonstrated by the above mentioned difference 
in the disease concordance rate in identical twins (35-40%) 
and HLA-identical siblings (~12%). The search for candidate 
non-MHC predisposing genes has so far been relatively 
unfruitful in human IDDM. Nonetheless, the insulin gene 
has been shown to be associated with IDDM (72-74), partic- 
ularly in HLA DR4 subjects (73). In the same study, it was 
shown that the insulin gene effect was stronger in paternal 
meiosis, suggesting a role for maternal imprinting (72). How- 
ever, the involvement of these two features (DR4 preference 
and paternal meiosis) was not confirmed in another study 
(74). It remains to be shown whether the association relates 
to the insulin gene itself, as suggested by a recent mapping 
study (75), or to a neighboring gene. Studies of the polymor- 
phism of another logical candidate gene, TCR, have failed to 
provide clear-cut results (76-78). 

Studies of the NOD mouse have been more fruitful. Seg- 
regation studies using microsatellites have led to the descrip- 
tion of 12 non-MHC predisposition loci (Refs. 51 and 79-83 
and Table 2), in addition to the major association with MHC 
loci on chromosome 17. One of the genes on chromosome 1 
could be bcl2 (80), a proto-oncogene known to have anti- 
apoptosis functions. Delayed T cell apoptosis, directly dem- 
onstrated in NOD mice (84), could favor survival and acti- 
vation of autoreactive T cells, in keeping with similar data 
obtained in MRL/1 lupus mice showing a mutation of the 
FAS gene, known for its apoptosis function. One of the genes 
on chromosome 3 has been narrowed down to the IL-2 gene, 
which has a different sequence in NOD mice than in common 
mouse strains, including an insertion and a deletion of tan- 



Table 2. Genes predisposing to IDDM 



References 

NOD mouse 



MHC (ch 17) 


I-A 


51, 52, 59, 




I-E (absence of expression) 


59 


Chi 


IL-1R 


79 




bcl2 


80 


Ch3 


IL-2 


81 




high affinity Fc? receptor 


51, 81-83 


Ch4 




81 


Ch6 




51, 81, 82 


Ch7 




81 


Ch9 




81 


Ch 11 (early-onset c 


ytoxan-induced diabetes) 


51,81 


Chl4 




81 


Chl5 




82 


BBrats 






MHC (RT1 U ) 




61 


Ch 4 lyp (lymphocytopenia) 


85 








MHC 




64-68 



Al B8 DR3 DQB 201 DQA 501 TAP2-A 

DR4 DQB 302 DQA 301 
+ protection DR15(2) DQB 602 DQA 102 
Insulin 72-75 



dem repeat sequences that encode amino acid repeats in the 
mature protein (81). The other gene on chromosome 3 has 
been mapped to the gene coding for the higher affinity 
receptor for immunoglobulin G (83). The nature and expres- 
sion of the other predisposition genes are unknown. 

Studies in the BB rat have been less informative. They 
indicate, however, that lymphocytopenia is encoded by the 
autosomal gene lyp on chromosome 4, close to the neuro- 
peptide Y gene (85). 

E. Conclusions 

Taken together, these data suggest the existence of stage- 
specific genetic control of IDDM. bc!2 And other genes could 
control an intrinsic nonantigen-specific anomaly of T cells, 
which could explain the initial mononuclear cell infiltration 
of the islets (periinsulitis) and other organs (e.g. sialitis), as 
well as the association with other autoimmune traits. The 
MHC would then play the central role in /8-cell autoantigen 
recognition. Other genes are probably involved, such as those 
coding for immunoregulatory cells (that amplify the autoim- 
mune reaction), notably cytokine genes (e.g. the mutant IL-2 
gene mentioned above) and genes controlling /3-cell sensitiv- 
ity to the immune aggression. When these genes are identi- 
fied, the problem will be to determine their relative contri- 
bution to genetic predisposition. It may turn out that all 
susceptibility genes (defined on the basis of segregation 
studies) are effectively involved in the pathogenic process, 
but that their contribution to increasing the relative risk may 
be highly variable; this will depend not only on the impor- 
tance of their functional role but also on the frequency of 
the predisposing allele in the general population. The fairly 
high concordance rate between siblings, despite relatively 
low penetrance, argues for a small number of major predis- 
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position genes (MHC plus perhaps two or three non-MHC 
genes). This does not, however, rule out the involvement of 
a., multitude of minor genes with an accessory pathogenic 
role (not mandatory), present in a large fraction of the general 
population or 'used' in a very limited number of patients 
(genetic heterogeneity). It is likely that some of the genes 
recently identified in the NOD mouse are minor susceptibility 
genes of these types. 

IV. The Bole of the Environment: Does it Trigger or 
Just Modulate the Anti-/J-Cell Autoimmune Response? 

A. Introduction 

1. Evidence for the role of environmental factors. Several lines 
of evidence point to a major role of environmental factors in 
the pathogenesis of IDDM. First, more than 60% of identical 
twins are discordant for the disease, and it is quite unlikely 
that this is due to differential somatic rearrangement of T 
cell receptors. Second, disease frequency varies enormously 
from country to country (86), and these differences cannot 
simply be explained by ethnic genetic differences since mi- 
grants from countries with a low IDDM frequency to coun- 
tries with a high frequency are more susceptible than their 
compatriots (87). Inrriguingly, northern countries are more 
exposed to the disease than southern countries (86); it will 
be critical to discover the factor(s) responsible for this North/ 
South gradient. Third, a number of apparently nonimmu- 
nological interventions can increase or decrease the disease 
rate in animal models: specific diets [low essential fatty acid 
(88) or protein intake (89, 90)] and several viral infections 
(91-95) can reduce disease susceptibility in NOD mice and 
BB rats, while Kilham's virus (96) and cow's milk (97, 98) 
can increase it in BB rats. These factors, particularly viral 
infections, probably explain the variations in disease fre- 
quency between NOD colonies (6). 

Finally, disease incidence is on the increase in most coun- 
tries [a 2-fold rise has occurred in Finland over the last 15 yr 
(99)], strongly pointing to an environmental influence; this 
holds true even in areas with a distinct genetic background 
such as Sardinia, where the incidence has recently increased 
dramatically to values much higher than those in surround- 
ing regions (100). 

Not only do environmental factors seem to influence 
IDDM onset, they can also apparently alter the course of the 
disease. These factors can be shared by the whole population 
(climatic factors, hygiene, etc.), or by a given family (e.g. 
eating habits), or be specific to the individual (e.g. travels 
and sexual partners). Retrospective epidemiological studies 
are difficult to interpret, but prospective testing of candidate 
environmental factors holds out far more promise. Such a 
study of cow's milk feeding in the first weeks of life is 
underway. 

2. Trigger or modulator? It is generally agreed that environ- 
mental factors are at the origin of a large number of diseases. 
This is certainly the case for infectious diseases, even if the 
genetic background can strongly influence disease expres- 
sion. The situation is very different in the case of diseases in 



which environmental factors essentially modulate the expres- 
sion of predisposing genes, either positively (predisposing 
factors) or negatively (protective factors). Ih the case of 
triggering factors, disease onset is directly related to the 
encounter with the environmental factor (usually single and 
limited in time), which can then be considered as the cause 
of the disease. In the 'modulation* hypothesis, the disease 
can only appear in the fraction of the population at genetic 
risk and it is on this population that environmental factors 
(usually multiple and chronic) exert their positive or negative 
effect. Available data suggest that IDDM is of the second 
type. 

B. Viruses and IDDM. Interactions with the immune system 

A viral origin of IDDM was one of the first etiological 
hypotheses (101, 102), but the data on which it was based 
are more complex than initially thought and must now be 
interpreted in light of data on the autoimmune pathogenesis 
of the disease. Nonetheless, the viral origin of IDDM remains 
a central point of debate in the etiology of the disease. 

1. Epidemiological data supporting the etiological role of viruses. 
IDDM onset is often seasonal (103) and could follow out- 
breaks of certain infections (101, 102). Particular attention 
has been paid to rubella virus [~ one-third of in utero rubella 
cases develop IDDM (104)] and Coxsackie virus (101, 102, 
105, 106). A strain of Coxsackie B virus isolated from a 
pancreas collected from a single child who died from recent- 
onset IDDM was able to induce IDDM in mice. It may also 
be of interest that anti-Coxsackie B virus antibodies have 
been found in an abnormally high percentage of type 1 
diabetics (106). 

2. Animal models of virus-induced diabetes. A number of 
viruses can induce diabetes in various animal species, notably 
the encephalomyocarditis virus (EMCV), which induces di- 
abetes in several mouse strains (without linkage to the MHC) 
(107). The effect seems to be mediated by a direct cytolytic 
effect of the virus, although in the case of some virus variants, 
diabetes can be prevented by anti-CD4 monoclonal antibod- 
ies (108) or irradiation and does not develop in athymic mice 

(109) . This suggests the possibility of an immune phase after 
the initial direct cytolytic effect of the virus. Other viruses 
inducing diabetes in animals include reovirus type 1 in mice 
(with insulitis) (102) and rubella virus in Syrian hamsters 

(110) . Also, it is worth mentioning the endogenous xeno- 
tropic retrovirus expression in 0-cells of NOD mice (111, 
112) and the spectacular triggering of diabetes in the diabe- 
tes-resistant DR subline of BB rats after infection by Kilham's 
virus (96), diabetes apparently caused by a direct cytolytic 
effect of the virus on /3-cells (113). 

3. Mechanisms of virus-induced IDDM. Several mechanisms 
are feasible. The most obvious, clearly demonstrated in sev- 
eral of the models just mentioned (notably EMCV infection 
in mice and Kilham's virus in DR BB rats), is a direct cytolytic 
effect of the virus on 0-celIs. Another mechanism, not exclu- 
sive of the first, involves a T cell immune reaction to the 
virus neoantigens induced at the 0-cell surface. This mech- 
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anism is best illustrated by the model of SV40 transgenic 
mice expressing the T antigen in /8-ceIls late in ontogeny (31) 
at a stage of immunological development where exogenous 
antigens do not induce tolerance. Another possibility is en- 
dogenous, vertically transmitted viruses as illustrated by 
transgenic mice whose j8-cells express the LCMV glycopro- 
tein or influenza virus hemagglutinin; these mice become 
diabetic after viral infection (38, 39) or hybridization with 
mice transgenic for the antiviral protein TCR (41). It may be 
worth recalling here that, depending on the virus and (per- 
haps) the mouse strain, these double transgenic mice require 
viral infection to become diabetic, suggesting that virus- 
induced T cell activation may be necessary for diabetes onset, 
at least in some cases. 

Alternative mechanisms are related to molecular mimicry, 
by which a nontolerized exogenous antigen cross-reacting 
with a tolerized autoantigen can break down the tolerance 
to the latter. In the case of IDDM-inducing viruses, virus 
proteins could conceivably share a sequence with a /3-cell 
autoantigen, as exemplified by the homology between a 
Coxsackie B viral protein and glutamic acid decarboxylase, a 
/3-cell autoantibody described below (114). Molecular mim- 
icry might also apply to cross-reactivity between an antiviral 
antibody idiotype and a /3-cell autoantigen. 

A more trivial interpretation, providing the most likely 
explanation for the emergence of IDDM after an acute viral 
infection, is related to the increase in insulin requirements 
that follows some viral infections: there is no other plausible 
explanation for the temporal relationship between an acute 
infection and IDDM onset in most cases, since islet cell 
autoantibodies are produced several years before the clinical 
onset of IDDM and consequently long before, not after, the 
acute infection in question. 

4. Viral infections and protection from IDDM in genetically 
predisposed individuals. Intriguing evidence has recently 
emerged suggesting that sorhe viruses can protect genetically 
predisposed animals from diabetes. For example, infection 
with the mouse lymphocytic choriomeningitis virus (91, 92), 
the lactodehydrogenase virus (93), or the murine hepatitis 
virus (94) prevents IDDM in NOD mice when contracted 
before 2 months of age. These data are in keeping with the 
observation that both NOD mice (our unpublished data) and 
BB rats (95) show an increased incidence of the disease when 
raised in germ-free conditions. The mechanisms of this virus- 
associated protection are not clear but could involve antigenic 
competition in the larger sense of the term. For example, 
viruses could activate the production of immunosuppressive 
cytokines (of the TH2 type described below). It is important 
to determine whether the North-South gradient of diabetes 
incidence mentioned above is partly due to common viral 
infections; for example, due to the lower temperature and 
better hygiene, inhabitants of northern countries may be less 
exposed to infections than those in southern countries, as is 
the case for hepatitis A virus and cytomegalovirus. This 
hypothesis is supported by the similar North/South gradient 
observed for multiple sclerosis, another T cell-mediated au- 
toimmune disease, and the inverse South/North gradient 



observed for carriage of antibodies to hepatitis A virus used 
as a marker of infection by water-borne pathogen (95a). 

5. Conclusions. It is difficult to unify so diverse and sometimes 
contradictory data and hypotheses. It can, however, be as- 
sumed that some viruses nonspecifically protect against dia- 
betes, while others can induce the disease, either by a direct 
cytolytic effect or through the T cell response to viral neoan- 
tigens expressed at the /3-cell surface. In spite of convincing 
experimental models, however, there is no convincing evi- 
dence for a direct pathogenetic role of a virus in human 
IDDM, at least in the vast majority of cases in which the 
involvement of the immune system is well documented (see 
below). In contrast, a chronic viral infection of jS-cells is 
possible, where (S-cell neoantigens stimulate a T cell response 
like that observed in the SV40 transgenic model described 
above (31). A vertically transmitted virus could also be 
involved since, as illustrated by the LCMV or influenza virus 
hemagglutinin transgenic models (38, 39, 41), fetal expres- 
sion of viral . neoantigens by /3-cells does not necessarily 
induce tolerance to the viral antigens. This observation in- 
dicates that the immune response to the neoantigen(s) cross- 
reacts with /3-cell autoantigens in uninfected individuals, 
since diabetes can be transferred to nondiabetic individuals 
presumably not infected by the virus. Insulitis reappears 
rapidly in syngeneic pancreas transplants derived from a 
monozygotic twin placed in a diabetic patient (115). Simi- 
larly, IDDM has been described after allogeneic bone marrow 
transplantation from a diabetic donor (116, 117). These ob- 
servations are in keeping with those made in NOD mice and 
BB rats showing recurrence of IDDM when normal allogeneic 
islets are grafted in conditions avoiding allograft rejection 
(118, 119). Note, however, that one cannot rule out in all 
these settings the possible viral contamination of the graft, 
which casts a doubt on the interpretation of these results. 

C. Mycobacteria and IDDM 

Freund's complete adjuvant (CFA), which consists of my- 
cobacteria incorporated in a water-in-oil emulsion, com- 
pletely prevented the onset of IDDM when injected in young 
NOD mice (120, 121) and BB rats (122). Spleen cells from 
CFA-protected animals suppress responses of cocultured 
syngeneic control spleen cells to mitogens in vitro (120, 121) 
and protection can be transferred by spleen cells from the 
CFA-treated animals to naive animals (123). The nature of 
the protective cells is still uncertain (macrophages, NK cells, 
TH2 cells). These data, which have been reproduced with 
Bacillus-Calmette-Guerin (BCG) vaccine in NOD mice (124), 
were sufficiently convincing to warrant a therapeutic trial in 
human prediabetes with BCG (124a). 

D. Toxic agents 

As mentioned above, several toxic agents show /3-cell 
selectivity and induce IDDM at doses not provoking signifi- 
cant extrapancreatic toxicity (125). This is the case of STZ 
(18) and alloxan (19). Another agent, Vacor (a rodenticide), 
has also been shown to induce IDDM at the high doses used 
in suicide attempts (126). Pentamidine, a drug given to AIDS 
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patients for prophylaxis of Pneumocystis carinii pneumonia, 
may have a similar effect (127). However, there is little 
evidence that any toxic agent, whatever its mechanism of 
action, is at the origin of common forms of IDDM. At most, 
some toxic agents could act by amplifying the anti-/3-ceIl 
autoimmune response, as in the low-dose STZ model de- 
scribed above (20), since diabetes onset is accelerated in NOD 
mice at STZ doses lower than those inducing diabetes in 
conventional strains (25, 26). 

E. Food constituents. The cows' milk hypothesis 

■ Diets are known to influence glucose metabolism, with 
obvious consequences for diabetics. A number of diets, in- 
dependent of their direct glycemic effects, have recently been 
shown to delay the onset of IDDM in NOD mice and BB 
rats, probably by interfering with the anti-islet immune re- 
sponse. This is the case for low essential fatty acid (89) and 
protein diets (90). 

Conversely, cow's milk accelerates the course of diabetes 
in BB rats, while lactalbumin-free diets are protective when 
administered for the first 2 to 3 months of life (97, 98). A 
role for the whey protein BSA has been suggested, because 
early induction of tolerance to BSA prevents IDDM and anti- 
BSA immunization accelerates it in BB rats (see Ref. 128). 
Much attention has been paid to the possibility that a BSA- 
related protein could represent an important triggering factor 
for human IDDM. Anti-BSA antibodies are found in diabetics 
more frequently than normal (using a particle concentration 
fluoroimmunoassay) (128, 129). Diabetic children have an 
abnormally high frequency of immunoglobulin A (IgA) an- 
tibodies to (8-lactoglobulin (130-132). It is important to men- 
tion, however, that these findings are based on a precise 
methodology and have not always proven easy to repeat 
(133). Anti-BSA antibodies in diabetics recognize a peptide 
sequence (ABBOS) containing 17 amino acids in a region of 
the BSA molecule extending from position 152 to position 
168, i.e. the site of the major sequence difference with 
human, mouse, and rat albumin. This peptide sequence 
cross-reacts with a 69 kilodalton (kDa) /3-cell autoantigen 
(p69), which has recently been cloned independently by two 
laboratories using anti-BSA (141a) or anti-islet cell antibody- 
positive diabetics' sera (134) to screen a human pancreas 
cDNA library. This cross-reaction could explain the stimu- 
lation of the anti-islet T cell response by cow's milk in the 
first week of life (molecular mimicry). It should be noted, 
however, that at variance with this hypothesis, recent onset 
diabetics do not show T cell hypersensitivity to BSA or 
ABBOS (133). Nonrandomized data indicate that exclusive 
breast-feeding, with delayed exposure to infant formula 
based on cow's milk, significantly reduces the risk of diabetes 
in Finnish children (129). A prospective randomized trial has 
been set up to confirm these data. 

F. Stress 

There is mounting evidence that psychoaffective events 
can influence immunity, and some groups have focussed on 
stress as a possible trigger of IDDM (135-138). It has thus 



recently been shown that acute stress can accelerate the onset 
of diabetes in NOD mice (137), whereas raised environmen- 
tal temperature reduced it (138). 

G. Sex hormones 

Diabetes is much more common in female than in male 
NOD mice (5) and its onset is accelerated in males by 
castration, particularly when combined with thymectomy 
(139). Conversely, androgen treatment of female mice pre- 
vents diabetes (140). The mechanism of action of sex hor- 
mones on the immune system is unclear but could involve 
an effect on immunoregulatory networks: male NOD mice 
develop insulins, but most do not become diabetic unless 
given cyclophosphamide, a drug known to affect suppressor 
cells (11, 12). 



V. Does IDDM Fulfill the Criteria of an Autoimmune 
Disease? 

A. Definition of autoimmune diseases 

Autoimmune diseases are diseases due to the pathogenic 
effect of autoantibodies or autoreactive T cells that provoke 
inflammation, functional alterations, or anatomical lesions. 
They must be distinguished from diseases associated with 
autoimmune manifestations not directly related to disease 
pathogenesis. 

B. Criteria defining autoimmune diseases 

Four criteria usually have to be met to consider a disease 
as autoimmune (141). 

1. The disease state can be transferred by the patients' 
antibodies or T cells. 

2. The disease course can be slowed or prevented by 
immunosuppressive therapy. 

3. The disease is associated with manifestations of humoral 
or cell-mediated autoimmunity directed against the target 
organ. 

4. The disease can be experimentally induced by sensiti- 
zation against an autoantigen present in the target organ, 
which presupposes the knowledge of the target autoantigen. 

Points 1 and 2 are mandatory. Points 3 and 4 are important 
but less critical. In fact, only a few so-called autoimmune 
diseases fulfill all four criteria (one example is myasthenia 
gravis due to anti-acetylcholine receptor autoantibodies). 

C. IDDM as an autoimmune disease 

Human IDDM fulfills three of these criteria and indirect 
arguments exist in animal models for the fourth. 

1. Diabetes transfer. Diabetes can be transferred in NOD mice 
and BB rats into nondiabetic syngeneic animals by spleen 
cells from diabetic animals (9, 10, 142-144). More precisely, 
it has been shown using purified T cell preparations and T 
cell clones derived from spleen or islets of NOD mice that 
the transfer was exclusively due to T cells (142, 144-146). 
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We shall see below the phenotype and repertoire of such 
diabetogenic T cells. Similarly, appearance of diabetes has 
been observed in man after pancreas transplantation be- 
tween identical twins (115). Such diabetes is likely due to 
infiltration of the transplanted pancreas by the recipient 
autoimmune cells (whether or not they have been reactivated 
by reexposure to pancreas autoantigen). One should also 
mention diabetes observed after allogeneic bone marrow 
transplantation with a diabetic donor (116, 117). The situa- 
tion is less pure in the latter models since one cannot exclude 
that non lymphoid cells present in the donor bone marrow 
could be responsible for the transfer. 

1. Effect of immunosuppression. Insulin /?-cell damage can be 
slowed by immunosuppressive therapy, notably cyclosporine 
(147, 148) and many other immunosuppressive agents essen- 
tially active at the T cell level in NOD mice, BB rats (149, 
Tables 3 and 4), and man (Table 5). The effect is better 
observed when the treatment is applied early, which is 
obviously much more difficult to achieve in man than in 
animal models, but some significant effect is still seen at the 
disease onset (Table 3). 

3. Manifestations of anti-0-cell autoreactivity. There is evidence 
for both islet-reactive autoantibodies and T cells [e.g. islet 
cell antibodies (ICA) (150), glutamic acid decarboxylase 
(GAD)-reactive antibodies (151), and T cells (152, 153)]. 

a. Autoantibodies. Diabetic patients and rodents mount a 
multifaceted humoral immune response to islet cells. Auto- 
antibodies are found against a wide array of membrane and 
cytoplasm constituents of 0-cells, including insulin (anti- 
insulin autoantibodies are detected before starting insulin 
therapy) (154), proinsulin (155), and GAD (151). The most 
commonly screened antibodies, whose description in 1974 
(150) led to the first strong evidence for the autoimmune 
origin of IDDM, are the so-called ICAs detected by indirect 
immunofluorescence on human pancreas sections. ICAs bind 
to the cytoplasm of /?-ce!ls [perhaps to gangliosides (156)], 
but they also usually bind to the cytoplasm of other islet 
endocrine cells. There are, however, "restricted ICAs" that 
selectively bind to /3-cells (157), which essentially include 
antibodies directed at GAD (see below). Some interest was 
initially paid to antibodies directed against islet surface an- 
tigens that can be cytotoxic to ^-cells (158) or inhibit insulin 
release by 0-cells in the presence of complement (159), but 
these antibodies are poorly characterized. 

b. T cells. Paradoxically, although T cells apparently play 
the central role in IDDM pathogenesis, few data have been 
published on T cell reactivity to islet antigens in humans. Of 
note are pioneering studies using the leukocyte migration 
assay with islet extracts (160) and, more recently, prolifera- 
tion assays using human islets, fetal pig islets (161, 162), 
GAD (152, 153), and hsp 65 (our unpublished observations). 
The anti-islet T cell response has been best documented in 
the NOD mouse and the BB rat, where transfer of diabetes 
can be obtained with purified T cell populations (142, 143, 
145), culminating in the production of pathogenic islet- 
specific T cell clones (144, 146). Successful transfer requires 
the simultaneous presence of CD4 and CD8 cells when using 



irradiated recipients that are the most immunoincompetent 
(142, 163, 164). 

4. Immunization and tolerance. Criterion 4 of autoimmune 
diseases (reproduction of the disease by sensitization against 
an autoantigen) cannot be met in human diabetes and has 
very partially been met in animal models, probably due to 
the uncertain knowledge of the target autoantigen. This is 
not an absolute criterion even if such a demonstration would 
greatly aid our understanding of IDDM pathogenesis. The 
induction in normal animals of insulitis by anti-insulin sen- 
sitization (165) and of transient diabetes by immunization 
against a hsp 65-derived peptide (166) opens the way in this 
direction. Additionally, two recent studies have shown that 
insulitis and diabetes can be prevented in NOD mice by 
injecting them with soluble recombinant GAD at 3 weeks of 
age either intravenously (167) or intrathymically (168). 

5. Indirect evidence. The following indirect evidence exists to 
support the autoimmune nature of human IDDM: 1) infiltra- 
tion of the islets of Langerhans by mononuclear cells (insu- 
litis) (169-171); 2) common association of IDDM with other 
'classical* autoimmune diseases, notably thyroiditis (47); 3) 
association of IDDM with HLA genes (64-71), which are 
known to be associated with most autoimmune diseases; and 
4) anomalies of the immune system not directly linked to 
islet cell autoreactivity in human diabetics, such as aug- 
mented levels of activated T cells (DR+ and IL-2R+) (172, 
173), circulating IL-2 receptor (173, 174), and CD5+ B cells 
(175). Other abnormalities have been described in animal 
models, such as lymphocytopenia (14) and increased NK cell 
activity (176) in BB rats, thymic anomalies in NOD mice 
(177-181) and BB rats (182), and decreased IL-4 production 
(183) and delayed T cell apoptosis in NOD mice (80). 



VI. /S-Cell Target Autoantigens 

A. Introduction: the role of ft-cell autoantigen(s} in sensitization 
and lesion formation 

The identification of target autoantigens in IDDM is a 
major challenge for pathogenesis, immunological diagnosis, 
and immunotherapy. Several candidate autoantigens have 
been described, but none has so far convincingly been shown 
to be 'the diabetes autoantigen.' The existence of a precise 
target autoantigen epitope is suggested by the IDDM asso- 
ciation with specific HLA alleles (MHC immune response 
genes are specific for a given epitope) but one might argue 
that HLA disease control is not necessarily antigen-specific 
(MHC genes other than class II genes may explain the HLA- 
IDDM association). Our recent demonstration that alloxan- 
treated NOD mice, which lack 0-cells, can no longer sustain 
the survival of pathogenic T cells (184) also supports the 
hypothesis that the autoimmune response in IDDM is driven 
by a /3-cell autoantigen, as is presumably the case in many if 
not all organ-specific autoimmune diseases (185). Neonatal 
thyroidectomy prevents the spontaneous production of an- 
tifhyroglobulin autoantibodies normally synthesized in the 
obese chicken (186). 
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Table 3. Immunotherapy of diabetes in NOD mice 
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269, 270 


+ 


+ 
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Table 4. Immunotherapy of diabetes in BB rats 
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324 


Alio eneic bone marrow trans lantation 


225 


Intrathyrnic islet grafting 


228, 229 


Lymphocyte transfusion 


254 


Immunosuppressive agents 




Cyclosporin 


325-327 


Anti-lymphocyte sera 


328 


Anti-class II monoclonal antibodies 


329 


Anti-IFN? monoclonal antibodies 


239 


Miscellaneous 
Total lymphoid irradiation 


330 


TNFar 


331 


Low essential fatty acid diet 


88 


Low protein diet 


89,90 


Insulin (parenteral) 


203-205 



; Cyclosporin 




147, 148, 297, 300, 301 


combination 


+ nicotinamide 


332 




+ bromocriptine 


333 


FK506 




334 
335 


Steroids 
Azathioprine 




299 


combination 


+ corticoids 


298 




+ thymostimulin 


336 


OKT3 




149 


IL-2 toxin 




149 


Miscellaneous 






• Nicotinamide 




290, 291, 292 


Subcutaneous insulin 




206 


Intravenous immuno- 




337 


globulins 




338 


Lymphocyte transfusioi 
Pancreatic irradiation 




339 


Thymopoietin 




340 



Alternatively, the anti-islet response could be part of a 
more global immune hyperreactivity, as in the rat model of 
generalized autoimmunity obtained after thymectomy and 
irradiation (23, 24). In this model, pathogenic anti-islet au- 
toimmunity is only the expression of exaggerated physiolog- 
ical autoreactivity due to the loss of immune regulatory 
function, with no apparent requirement for an autoantigenic 
driving force. 

An intermediate possibility is that /3-cell autoantigens do 
indeed drive the anti-/3-cell autoimmune response but that 
several autoantigens (each with a limited number of domi- 
nant epitopes) intervene concomitantly. For unknown rea- 
sons (e.g. a viral infection), the /3-cells might become abnor- 
mally immunogenic and stimulate a strong autoimmune 
response to several of its molecular constituents, provided 
there is the relevant MHC molecule to present them to T 
cells. In this hypothesis, either one of these triggering /3-cell 
autoantigens plays a dominant role or MHC genes are not 



involved in disease susceptibility through conventional Ir 
genes. There is little room for multiple unrelated autoantigens 
to share the same precise HLA binding epitopes, 

B. Primary and secondary autoimmunization. 
B and T cell epitopes 

It is unlikely that the whole B and T cell response toward 
a large number of /3-cell autoantigens observed in diabetics 
is primary (or pathogenic). The initial T cell-mediated /3-cell 
lesions probably induce the release of degradation products 
that in turn elicit the production of secondary B or T cell 
immune responses. This is suggested by the chronological 
appearance of T cell proliferative responses to several /3-cell 
autoantigens in the NOD mouse (168). Tolerance induction 
to the first of these autoantigens prevents onset of reactivity 
to other autoantigens without reciprocity. This is also prob- 
ably the case for the anti-islet autoantibodies discussed 
above. The problem is further complicated in the case of T 
cells by the fact that these secondary immune responses 
could contribute to the development of the 0-cell lesion and 
play a significant role in the chronicity of disease. It should 
be mentioned at this stage that, for obvious reasons of 
feasibility, most studies aimed at the identification of IDDM 
autoantigens involve the use of autoantibodies for screening, 
whereas the initial triggering autoantigen(s) and target au- 
toantigen(s) are recognized by T cells. This is a major pitfall 
since T and B cell epitopes differ radically: T cell epitopes 
are sequential whereas B cell epitopes are conformational 
(187). In addition, T cells can recognize intracytoplasmic 
proteins that are processed and then exposed at the cell 
surface in conjunction with MHC molecules, whereas anti- 
bodies can only be pathogenic in vivo after binding to cell 
surface molecules. 

C. Candidate autoantigens 

A number of putative /3-cell autoantigens have recently 
been characterized. 

GAD is an enzyme controlling the biosynthesis of the 
inhibitory neurotransmitter y-aminobutyric acid. It has re- 
cently been identified (151) as one of the 64 kilodalton (kDa) 
antigens previously detected by immunoprecipitation of islet 
extracts by diabetics' sera (188). GAD exists in two isoforms 
of 65 and 67 kDa (189). It is present in /3-cells and the brain, 
and its sequence shows major homology both between the 
two isoforms and between mammalian species (189, 190). 
Anti-GAD antibodies were initially found (at high titers) in 
the stiff -man syndrome, a neurological disease often associ- 
ated with ICAs and sometimes IDDM (151). They are also 
found at lower titers (using various techniques: enzyme 
trapping, immunoenzymatic assays, etc.) in 60-70% of dia- 
betics (191-193) and in most ICA+ prediabetics (194, 195). 
As mentioned above, T cell proliferation is induced in vitro 
by recombinant GAD preparations in IDDM patients (152, 
153), but the antigen specificity of the proliferation remains 
to be proven with highly purified material. One must for- 
mally exclude contamination by highly mitogenic endotoxin 
of the bacterial recombinant preparation used in these stud- 
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ies. Although there is little doubt that GAD is one of the 
major #-cell antigens, the role of this antigen in the patho- 
genesis of human IDDM remains to be proven. Indeed, anti- 
GAD antibodies do not appear to be more predictive than 
ICAs of diabetes onset in prediabetics (194, 195), and a 
protective role among ICA+ subjects has been indicated by 
recent studies (196). Conversely, a pathogenic role could be 
given to GAD-reactive T cells. Recent data obtained in the 
NOD mouse indicate that administration of GAD in 3-week- 
old mice, either intravenously (167) or intrathymically (168), 
prevents the onset of insulins and diabetes. 

A 37-kDa protein is immunoprecipitated by diabetic pa- 
tients' sera together with a 50-kDa protein instead of the 64- 
kDa band when islet extracts are treated with trypsin (197). 
Antibodies directed against the 50-kDa species recognize 
GAD. They are absorbed by recombinant GAD65, and their 
presence strictly correlates with that of anti-GAD antibodies. 
Conversely, antibodies directed against the 37-kDa protein 
are apparently distinct from anti-GAD antibodies. They are 
not absorbed by recombinant GAD, suggesting that the 37- 
kDa protein is derived from a 64-kDa molecule distinct from 
GAD (198). The anti-37-kDa antibodies seem to be better 
predictors of diabetes in prediabetics than anti-GAD anti- 
bodies (196). 

Insulin is a logical candidate for an IDDM autoantigen 
since it is the best established /3-cell-sperific differentiation 
antigen. Its role in the pathogenesis of the disease appears 
initially unlikely though, since insulin is essentially expressed 
in the 0-cell cytoplasm. However, we have seen that such 
cytoplasmic antigens can be processed and recognized by T 
cells. Anti-insulin autoantibodies are often found in predi- 
abetics before treatment with insulin (154). Immunization of 
normal animals of different species induces insulitis (165), 
and sensitization of prediabetic NOD mice against insulin 
can protect them from diabetes when either the parenteral 
(199) or the oral (200) route is used. This protective effect is 
presumably linked directly to the immunogenicity of insulin 
at least when used parenterally, since the functionally inac- 
tive insulin B chain can be used instead of native insulin in 
parenteral sensitization experiments (199). This effect of 
insulin should be distinguished from the above-mentioned 
protection conferred by subcutaneous injections of insulin 
that probably act directly at the j5-cell level (201-206). 

hsp 65 (65-kDa heat shock protein) (16) and one of its 
constitutional peptides (17) have been reported to accelerate 
the onset of diabetes in NOD mice and even to induce de 
novo diabetes in C57BL/6 mice when coupled to a carrier 
protein (166). The diabetes thus induced is, however, tran- 
sient and NOD mice are ultimately protected from diabetes. 
Disease acceleration and protection can be transferred by 
hsp 65-reactive T cell clones (17), suggesting that the protec- 
tion could relate to a mechanism of T cell vaccination, in 
which mice become sensitized against the T cell receptor 
of hsp 65-reactive T cell clones, hsp 65 Has been found 
in 0-celIs and could be a new target autoantigen 
(T cell epitope). Alternatively, it could act via molecular 
mimicry. 

p69 Protein has been mentioned as a /3-cell autoantigen 



cross-reacting with BSA (128, 129, 134). The anti-p69 re- 
sponse could be stimulated by cow's milk protein adminis- 
tered during the first weeks of life, again via molecular 
mimicry. 

A 38-kDa protein isolated from /3-cell insulin secretory 
granules has been shown to stimulate T cell proliferation in 
human diabetics' lymphocytes, giving rise to the production 
of T cell clones (207, 208). This protein could contain impor- 
tant T cell epitopes. 

Other candidate antigens include peripherin, a neurone 
cytoskleton molecule (168, 209), carboxypeptidase H (168, 
210), and the ICA-reactive gangliosides (156). 

VH. The Loss of Self-Tolerance to 0-Cell Antigens 

A. Tolerance to self 

It is a major feature of the immune system that B and T 
cells are physiologically tolerant to most self-antigens (i.e. 
there is no pathogenic autoimmune response). This state of 
T cell self-tolerance is mainly controlled in the thymus, where 
self-reactive T cell clones that expanded after contact with 
self MHC molecules present on the thymic epithelium and 
stroma (positive selection) are eliminated by autoantigen- 
driven apoptosis (negative selection) (211, 212). This phe- 
nomenon does not, however, eliminate all autoreactive 
clones, particularly those reacting toward subdominant or 
cryptic epitopes (213) and autoantigens not present in suffi- 
cient concentrations in the thymus, These autoreactive clones 
are controlled by either a phenomenon known as T cell 
anergy (the autoreactive cells are present but are not activated 
after binding the antigen) or by the effect of suppressor 
mechanisms (211-213). There are several examples in trans- 
genic mice where T cells reactive with antigens expressed on 
0-cells are reactive with the antigens in vitro but not in vivo. 
These cells are not truly "anergic* but may be 'ignorant' and 
hence do not engage in an immune response if they are not 
properly activated (see above the LCMV transgenic mouse 
model). Finally, the breakdown of self tolerance that char- 
acterizes autoimmune diseases can thus occur through three 
major mechanisms: insufficient intrathymic negative selec- 
tion, bypass of peripheral anergy, or defective suppression 
(211-213). 

B. T cell repertoire 

Most information on islet-reactive T cells in IDDM is 
derived from the study of NOD mice. This has been facili- 
tated by the production of a number of islet-specific T cell 
clones, mostly of the CD4 phenotype (144, 146, 214). Some 
of these clones have been shown to be diabetogenic after 
transfer into irradiated adult (146) or nonirradiated young 
NOD recipients (144). The TCR of one of these CD4 clones 
was recently used as a transgene (215); transgenic mice 
showed rampant insulitis at a faster rate than the transgene 
negative NOD littermates but only borderline and inconsist- 
ent hyperglycemia. 

Encephalitogenic T cell clones obtained after immunization 
with myelin basic protein use restricted Va and V/? TCR 
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genes (216). It was thus important to search for a possible 
restriction of Va and V/? gene usage of TCR of T cells 
involved in IDDM pathogenesis. Several approaches have 
been taken. Phenotypic studies using indirect immunofluo- 
rescence with selected anti-V/J monoclonal antibodies (217) 
or dot blot hybridization (218) on pancreas sections or ex- 
tracts are difficult to perform and have yielded no evidence 
of restriction. The T cell clones mentioned above do not show 
any clear preference for a given Va or V/3 (214, 219). The 
only two studies that have revealed some restriction were 
based on diabetes prevention by anti-V/3 monoclonal anti- 
bodies. An anti-Vj88 monoclonal was reported to prevent 
cyclophosphamide-induced diabetes (220) [an observation 
not reproduced by another team (221)] and an anti-V/36 
monoclonal inhibited diabetes transfer in irradiated mice 

(222) . It is interesting to note, in this context, that NOD mice 
backcrossed to other strains to give a strain that congenitally 
lacks approximately one-half of the conventional TCR V/3 
alleles (including V08 but not V06) still develop diabetes 

(223) . Finally, we shall have to await results of studies in 
progress with anchored polymerase chain reaction at early 
stages of insulitis to know whether the TCR of T cells 
infiltrating NOD islets show restricted usage of any particular 
TCR fragment, at least in the initial stages. This is an impor- 
tant question from both the fundamental and therapeutic 
viewpoints, since if a restriction exists, one could envisage 
preventing IDDM by targeting the minor T cell subset ex- 
pressing the V0 gene in question. The T cell oligoclonality 
can also be studied by analyzing TCR junctional sequence 
variability. Results obtained in our laboratory (manuscript in 
preparation) indicate that such oligoclonality might exist 
initially at the islet level but polyclonality rapidly spreads 
over the pancreas. 

C. Location of the anomaly(ies) leading to the pathogenic 
anti-P-cell autoimmune response 

There is no indication in IDDM, as in other organ-specific 
autoimmune diseases, that the target autoantigen is abnor- 
mal. In fact, transplantation studies mentioned above (115- 
119) showing that destructive insulitis can be transferred to 
non-diabetes-prone mouse, rat, or human pancreas indicate 
that the anomaly is located in the immune system. This is 
corroborated by the observation that reconstitution of 
(BALB/c X BG)F1 normal mice with stem cells and thymus 
from NOD mice results in autoimmune insulitis of the (nor- 
mal) host pancreas (224). Similarly, reciprocal allogeneic 
bone marrow transplantation between BB rats and a non- 
autoimmune rat strain shows that the defect leading to 
diabetes lies in the bone marrow stem cells (225). 

All experimental data converge to suggest that the defect 
is most strongly expressed at the T cell level. The disease is 
prevented in NOD mice and BB rats by neonatal thymec- 
tomy, backcross to athymic animals, and administration of 
various anti-T cell antibodies (Table 3). Diabetes can be 
transferred to healthy recipients by purified T cell popula- 
tions (142, 143, 145) or T cell clones (144, 146). The question 
then arises as to whether the anomaly is located 1) at the T 
cell precursor level (in the bone marrow), 2) in the thymus 



(unable to perform normal negative selection or to differen- 
tiate effector or regulatory cells), or 3) at the level of the 
MHC-autoantigen interaction, which would generate molec- 
ular complexes that are highly immunogenic for T cells of 
diabetes-prone individuals. Evidence has been found in favor 
of all three hypotheses. 

Bone marrow precursor cells contain the "germ" of diabe- 
togenicity, since transplantation of NOD mouse or BB rat 
bone marrow to nondiabetic strains (after irradiation) leads 
to diabetes (224, 225), and bone marrow transplantation 
from human diabetics may lead to rapid diabetes onset in 
the recipient (116, 117). Conversely, transplantation of 'nor- 
mal' allogeneic bone marrow prevents diabetes in NOD mice 
and BB rats (225, 226). 

This does not rule out an intrinsic thymus defect, several 
of which have been identified in the NOD mouse: 1) deficient 
in vitro thymocyte proliferation in response to antigens and 
mitogens shown recently to be linked to deficient regulation 
of the p21 ras activation pathway (177); and 2), abnormal 
proportions of CD45RA+ T cells among mature thymocytes 
(178). These thymocyte abnormalities could relate to the 
bone marrow defects just discussed. This is less likely the 
case for abnormal extracellular matrix (with large perivas- 
cular spaces filled with lymphocytes) (179, 180), and reticu- 
lum (181) and deficient thymic hormone secretion (179). All 
these anomalies could indicate a defective thymic microen- 
vironment. In the same vein is the decreased expression of 
class II MHC molecules observed in some areas of the BB rat 
thymus (182). 

The role of MHC molecules has already been discussed. 
Their central contribution to diabetes susceptibility is clearly 
established, but it is certainly not sufficient in itself, since the 
majority of subjects with a predisposing HLA allele never 
develop the disease. Additionally, one should not equate the 
HLA-IDDM association to the presence of predisposition 
immune response genes (HLA-autoantigen peptide presen- 
tation), since MHC genes can be involved at several levels 
not directly related to peptide recognition by T cells. 

D. Defective negative selection 

This hypothesis is illustrated by the SV40 transgene mouse 
model mentioned above (31), in which late expression of the 
T SV40 antigen (after intrathymic negative selection has 
taken place) leads to anti-T antigen sensitization and insulitis, 
inasmuch as the T antigen is selectively expressed on /3-cells. 
This mechanism could apply to virus-induced neoantigens. 
There is little evidence, however, for the existence of such 
neoantigens either in NOD mice and BB rats or in human 
IDDM. There is apparently no major abnormality of distri- 
bution of T cells expressing the various V/3 fragment expres- 
sion in NOD mice (218) or BB rats (227), as could have been 
anticipated if negative selection by a superantigen had cre- 
ated major gaps in the T cell repertoire. In fact, islet-reactive 
T cells having escaped negative selection are present in 
normal individuals, as demonstrated by the onset of diabetes 
in non-autoimmune-prone rats after thymectomy and irra- 
diation (28, 29) and by the induction of diabetes in normal 
mouse strains after sensitization to hsp 65 peptides (166). In 
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conclusion, although one cannot exclude it formally, there is 
little evidence so far in IDDM of a failure for negative 
selection of 0-cell reactive clones. One can assume that 
physiologically /3-cell target autoantigens are not present in 
the thymus at sufficient concentrations to induce negative 
selection of the responding T cell clones or that these antigens 
may be present in the thymus but diabetogenic epitopes are 
subdominant or cryptic and do not give rise to negative 
selection. The possibility demonstrated in both the NOD 
mouse and the BB rat to prevent the onset of IDDM by 
placing islet grafts (228, 229) or soluble GAD (168) intra- 
thymically is compatible with such a hypothesis. 

E. Breakdown of T cell anergy 

Anergized T cells are not activated by antigens presented 
in normal conditions but can differentiate in the presence of 
large amounts of IL-2. There is no direct evidence of such a 
mechanism in IDDM, except for the unconfirmed accelera- 
tion of diabetes in BB rats after IL-2 administration (230). 
However, hyperexpression of class I MHC molecules (170, 
231-233) and, more controversially, aberrant expression of 
class II molecules (170, 231, 233-235) could conceivably 
favor more efficient presentation of 0-cell antigens to T cells 
and thus break down the physiological anergy of islet-reac- 
tive T cells (if indeed MHC class II-expressing /3-cells can 
present antigens). The role of IFN7 in MHC class II expres- 
sion is suggested by the in vitro induction of HLA class II 
molecules in human islet cells by EFN7 (plus TNF) (236) and 
by the prevention of diabetes by acurdiustration of anti-IFN7 
monoclonal antibody in NOD mice (237, 238) and in BB rats 
(239). One must, however, interpret these data with care, 
even if aberrant expression of class II MHC molecules in 
jS-cells can indeed provoke autoimmune (transferable) insu- 
lins, as shown by the IFN7 transgenic model (32, 33). Alter- 
natively, aberrant expression of class II MHC molecules could 
be a secondary phenomenon: activated T cells present in the 
islets produce IFN7 (240) that could induce the aberrant 
MHC class II molecule expression. Our observation (241) 
that class II molecule expression appears within a few days 
after adoptive transfer of diabetogenic spleen cells on pan- 
creatic endothelial cells illustrates this possibility. The ab- 
sence of abnormal expression of class II MHC molecules 
reported in prediabetic NOD mice (217, 235) and BB rats 
(233) and the absence of 'autoimmune' type diabetes in 
transgenic mice expressing class I (42) or class II (43, 45) 
MHC molecules in /3-cells is compatible with such an alter- 
native hypothesis but in no way proves it. The MHC mole- 
cule expression could be too weak in the rodent spontaneous 
models to be detected by the immunofluorescence technique 
used in the experiments mentioned (other results reported in 
Ref. 234) and too high in the transgenic mouse models to 
provide meaningful information. It should also be mentioned 
at this stage that T cell-mediated destruction of j3-cells can 
be obtained in the absence of CD4 T cells and MHC class II 
molecules. Mice that were class H-deficient after a targeted 
disruption of the A/? b gene were bred to transgenic mice 
expressing the LCMV glycoprotein in /J-cells. Such transgenic 



class II-deficient mice developed diabetes after infection with 
LCMV (242). 

The significance of class I molecule hyperexpression (more 
consistent in the experimental setting) is complicated by our 
failure to understand the way in which class I-restricted 
CD8+ cells contribute to the pathogenesis of IDDM (see 
below). 

Another interesting mechanism is based on the phenom- 
enon of molecular mimicry already mentioned for GAD 
[cross-reactivity with a Coxsackie B viral protein (114)] and 
p69 (cross-reactivity with BSA) (128, 129). In this mecha- 
nism, the extrinsic antigen to which T cells are not tolerant 
serves as a carrier for the tolerized cross-reactive T cell 
epitopes of the autoantigen, leading to a bypass of self- 
tolerance. It will be important to characterize further the 
cross-reactive epitopes. Some data have been reported for 
BSA and p69: the ABBOS peptide is a 17-amino acid residue 
long peptide shared between BSA and the 0-cell p 69 antigen 
(129). The case of GAD is less well documented since the 
sequence homology is modest (114). If this molecular mim- 
icry holds true, it would remain to be learned how the chronic 
autoimmune T cell response is maintained after the disap- 
pearance of the cross-reactive external antigen. In the well 
documented case of rheumatic fever the autoimmune reac- 
tion ceases when the antigen (streptococcus) disappears. 
Perhaps one could think that the initial anti-0 cell immune 
response triggers an anti-idiotype response that would per- 
petuate the anti-/3-cell response within idiotype networks the 
initial response or more simply that the initial lesion inducing 
spread sensitization against other 0-cell autoantigens re- 
leased by the first aggression. 

F. Defective suppression 

The existence and function of suppressor T cells have been 
the subject of a heated debate among immunologists over 
the last 10 yr. A number of experimental data suggest that a 
defect of these suppressor cells might contribute to the onset 
of diabetes in rodent models of diabetes (243). 

In the NOD mouse, diabetes onset is accelerated by thy- 
mectomy performed at 3 weeks of age (244) and by admin- 
istration of cyclophosphamide (11, 12), a drug known for its 
selective effects on suppressor T cells. Diabetes transfer is 
only obtained in immunodeficient recipients, i.e. neonates 
(142) and adults that have been sublethally irradiated (144) 
or thymectomized and treated with an anti-CD4 monoclonal 
antibody (245). One can prevent diabetes transfer by spleen 
cells from diabetic mice by preinfusion of CD4 spleen cells 
from nondiabetic syngeneic mice (246). CD4 and CD8 sup- 
pressor clones have been reported (247-249), as has the 
production of a suppressor factor (249). Treatment of young 
NOD mice with an anti-class II monoclonal antibody protects 
them from diabetes, and this protection is transferable to 
non-antibody-treated mice by infusion of CD4 T cells from 
protected mice (250). Similarly, staphylococcal superantigens 
(SEA and SEB) prevent the onset of diabetes in NOD mice 
(251), and this protection is also conferable to naive NOD 
mice by transfer of CD4 T cells from superantigen-treated 
mice. Also of interest here is the mtriguing observation that 
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diabetes can be prevented in NOD mice by injection of 
autologous spleen cells exposed in vitro to cyclosporin and 
IL-2 (252). 

In the BB rat the disease is accelerated by the administra- 
tion of an anti-RT6 monoclonal antibody (253) and pre- 
vented by transfusion of lymphoid cells from diabetes-re- 
sistant DR BB rats (254). 

The mechanisms of this defective suppression are still 
unknown but could involve an abnormal shift of TH2 cells 
toward TH1 cells of the islet-reactive CD4 T cells. It has been 
shown that CD4 T cells comprise two subsets — TH1 cells 
{that produce IL-2 and IFN7) and TH2 cells (that produce 
IL-4 and IL-10)— that oppose each other by reciprocal down- 
regulation. TH1 cells are essentially involved in cell-mediated 
immune responses, whereas TH-2 cells are involved in help- 
ing antibody-forming cells (255). The abnormal shift from 
TH2 to TH1 islet-reactive T cells is supported by the low 
IFN7/IL-4 ratio found in noninvasive insulitis, contrasting 
with a high ratio in invasive insulitis (240), and by the recent 
observation that IL-4 (whose production is deficient in the 
NOD mouse thymus) reverses the T cell proliferative unre- 
sponsiveness in NOD thymocytes and delays the onset of 
diabetes in NOD mice (183). This hypothesis is also in 
keeping with the inverse relationship between humoral and 
cellular immunity to GAD in subjects at risk for IDDM (194). 

The following findings also support the role of suppressor 
mechanisms: I-A k transgenic mice that are protected from 
diabetes (53) become diabetic after cyclophosphamide treat- 
ment, and their spleen cells can transfer diabetes in immu- 
nodeficient hosts (256); similarly, spleen cells from I-A d 
transgenic NOD mice that are protected from diabetes pre- 
vent the diabetogenic capacity of splenocytes from overtly 
diabetic NOD mice (257). Introduction of I-E in transgenic 
NOD mice also protects from diabetes (56, 57) through a 
mechanism that could involve suppressor cells. 

G. Conclusions 

It is difficult to formulate a global hypothesis explaining 
the loss of self-tolerance to islet antigens in diabetic subjects. 
The disease is heterogeneous and multifactorial: several 
mechanisms may simultaneously be at work, superimposed 
on a particularly efficacious MHC-controlled recognition of 
0-cell autoantigen peptides. An attractive hypothesis is a 
particularly immunogenic expression at the /S-cell surface of 
a subdominant or cryptic autoantigen not having induced 
intrathymic negative selection. This abnormal expression 
could be secondary to a viral infection known to modify 
HLA gene expression through IFN production, but many 
other cellular events could play a similar role, including 
endogenous j8-cell genetically controlled peculiarities. In this 
case, as mentioned above, it might be that more than one 
•antigen molecule or epitope shows increased immunogenic- 
ity, providing an explanation for the diversified anti-/3-cell B 
and T cell immune response. Alternatively, one epitope could 
initiate the autoimmune responses [e.g. GAD as suggested 
by the chronology of appearance of the islet T cell reactivity 
and by spread tolerance after GAD administration (167, 
168)]. 



Another hypothesis involves the expression of a neoanti- 
gen at the 0-cell surface secondary to the effect of a viral 
infection or a chemical. Finally, one may think of a bypass 
of anergized T cells by molecular mimicry after stimulation 
by an environmental factor (such as a virus or a cow's milk 
protein). 

In all these hypotheses, an important role should be given 
to defective suppressor mechanisms amplifying the autoim- 
mune response. Primary deficiency of regulatory T cells may 
give rise to autoimmune reaction as in the models of post 
thymectomy (and irradiated) models of autoimmunity. How- 
ever, in view of the usually /3-cell-restricted autoimmunity 
observed in human diabetes, it is unlikely that suppressor 
cell deficiency can by itself represent a sufficient factor to 
induce IDDM in most cases. 



VTIL The £-Cell Lesion 

A. Insulitis 

The islets of Langerhans of recently diagnosed diabetic 
patients are infiltrated by mononuclear cells (insulitis) (169). 
These mononuclear cells include a majority of T cells (be- 
longing to the two major subtypes CD4 and CD8, with 
apparently a predominance of CD8+ cells) and macrophages 
(170, 171). Some B cells may also be present. Fewer than 
10% of (8-cells persist 2-4 months after initiation of insulin 
therapy, as recently demonstrated by a pancreas biopsy study 
(258). This atrophy is selective for /3-cells since other endo- 
crine cells remain intact. 

Studies of rodent models (217, 241, 259) have shown that 
destructive and invasive insulitis is preceded by periinsulitis 
(mononuclear cell infiltrate around the islets) and peripheral 
insulitis (lymphocytes at the islet periphery). Infiltrating T 
cells again include both CD4 and CD8 T cells, with signs of 
activation (IL-2 receptor expression). Transfer studies (217, 
241) have shown that CD4 cells are the first cells to invade 
the islets. Interestingly, in the absence of CD4 cells (transfer 
of purified CD8 cells), CD8 cells do not migrate to the islets 
(241). Adhesion molecules (L-selectin) and very late antigen 
4 (VIA 4) receptors may be involved in mediating leukocyte 
homing to the islets since insulitis and diabetes are inhibited 
in NOD mice by blocking these molecules by specific mono- 
clonal antibodies (260). Immunohistological studies have 
shown that the infiltrating T cells express various cytokines 
such as IFN7 and IL-4, with a tendency for low IFN7 
production and high IL-4 production in noninvasive insulitis 
contrasting with high IFN7 and low IL-4 levels in invasive 
insulitis (240), an interesting pattern which still requires 
confirmation. Importantly, there is no significant immuno- 
globulin deposition. 

Studies of pancreatic sections in diabetic patients have 
revealed hyperexpression of class I and aberrant expression 
of class II MHC molecules at disease onset (170, 231). This 
important observation has been the subject of controversial 
findings in rodent models (232-235). 
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B. Inflammation vs. atrophy 

It is important to know whether the /3-ceIl dysfunction 
characteristic of IDDM is only due to ^-cell destruction 
(atrophy) or can involve, in the early stages of clinical dia- 
betes, a reversible functional inhibition (inflammation) leav- 
ing room for immunointervention at advanced stages of the 
disease. The latter is strongly supported by two sets of 
observations made in NOD mice. First, islets from recently 
diabetic NOD mice, which initially show low insulin pro- 
duction, regain part of their function when cultured in vitro 
in the absence of autologous T cells (261). Second, a single 
injection of an anti-TCR monoclonal antibody in NOD mice 
with established diabetes induces rapid normalization of 
glycemia (lasting throughout treatment) (262). This func- 
tional recovery must be distinguished from that observed in 
recently diagnosed diabetes after the start of intensive insulin 
therapy (263). The observed increase in C peptide production 
is then due to the release from glucotoxicity afforded by 
insulin. 

C. Unique &-cell fragility 

- /3-Cells appear to be particularly fragile cells, sensitive to 
a wide array of aggression. As mentioned above, hypergly- 
cemia tends to reduce insulin secretion in addition to induc- 
ing peripheral insulin resistance. It is not known whether the 
relief from glucotoxicity explains the /3-cell protection af- 
forded by insulin therapy in NOD mice (201, 202), BB rats 
(203-205), and human prediabetics (206). It has been pro- 
posed that insulin could act by reducing the expression of /3- 
cell autoantigens, but insulin may also prevent transient 
episodes of deleterious hyperglycemia, 
• Various cytokines can alter /3-cells or even destroy them. 
This is particularly the case for IL-1 (264) and TNF (265), 
which are most active in combination. The effect of IL-1 is 
not totally ^-cell-specific though, since a-cells are also af- 
fected and low IL-1 concentrations are only deleterious at 
supraphysiological glucose levels (266). In addition, admin- 
istration of recombinant IL-1 induces hypoglycemia rather 
than hyperglycemia in normal and diabetic db/db and ob/ 
ob mice (124) and prevents diabetes in NOD mice (267, 268). 
Similarly, TNFa, which shares many in vitro properties with 
IL-1, induces protection rather than acceleration of diabetes 
in NOD mice (269, 270) and BB rats (Tables 3 and 4). Other 
mediators could also intervene, possibly under cytokine con- 
trol, such as nitrite oxide (NO), whose product is increased 
in NOD mouse islets (271) and whose inhibition by amino- 
guanidine delays the onset of diabetes in a transfer model 
(271). 

It is not known whether /3-cells from IDDM patients 
intrinsically show abnormally high fragility compared to 
those from healthy subjects. Pancreas and islet transplanta- 
tion experiments mentioned above do not argue in this 
direction, since /3-cells from non-diabetes-prone individuals 
appear to be fully sensitive to the effector mechanisms re- 
sponsible for diabetes, as shown in NOD mice (118), BB rats 
(119), and humans (115-117). 



D. Conclusions: the nature of pathogenic effector mechanisms 
(cell-mediated cytotoxicity or lymphokine effect ?) 

Anti-islet cell autoantibodies are produced in large 
amounts in both rodent and human IDDM. There is no 
evidence, however, that these autoantibodies are pathogenic, 
even in the case of those directed at 0-cell surface determi- 
nants. As just mentioned, no immunoglobulin deposits are 
found in islets. The disease cannot be transferred by serum 
of affected mice, whereas diabetes can be transferred by 
purified T cells in NOD recipients, even when the latter have 
been rendered unable to synthesize antibodies by perinatal 
anti-immunoglobulin M monoclonal antibody treatment 
(272). 

T cells are beyond any doubt the main /8-cell aggressors. 
Diabetes can be transferred to nondiabetic syngenic animals 
by purified T cells from diabetic NOD mice (142, 145) or BB 
rats (143) or T cell clones (144, 146) derived from diabetic 
NOD mice. Furthermore, selective T cell elimination by an 
anti-TCR monoclonal antibody normalizes hyperglycemia in 
diabetic NOD mice, as previously mentioned (262). 

In contrast, there is still great uncertainty as to the intimate 
mechanisms of T cell-mediated aggression toward /3-cells. 
Direct antigen-specific CD8+ T cell-mediated cytotoxicity is 
a logical hypothesis, since CD8 T cells are predominant in 
human IDDM -associated insulitis (170, 171). Additionally, 
CD8+ T cells are necessary to transfer diabetes to fully 
immunoincompetent irradiated or neonatal NOD mice (9, 
10, 142, 146, 163) and BB rats (164). Also, NOD mice 
backcrossed with CD8 T cell-deprived mice whose MHC 
class I genes have been inactivated by homologous recom- 
bination do not develop diabetes (273). There is some evi- 
dence that CD8 T cells from diabetic patients and animals 
lyse /3-cells (146, 274) but these results have been difficult to 
reproduce. CD8 T cells expressing the cytolytic mediator 
perforin are found in NOD mouse insulitis (275), but this 
mediator is found in most cytotoxic cells and not exclusively 
in antigen-specific cytolytic T lymphocytes. CD8 T cells have 
also been shown to inhibit insulin release by islet cells 
cultured in vitro (276), but the interpretation is complicated 
by the absence of MHC restriction in this model. 

Diabetes can be transferred to young NOD mice by CD4 
T cell clones alone (144, 146), even after administration of 
an anti-CD8 monoclonal antibody to rule out any involve- 
ment of host CD8 T cells (10, 277). This observation is at 
variance with previously mentioned evidence that CD8+ T 
cells are necessary for diabetes transfer. Perhaps young NOD 
mice (3-4 weeks) used for T cell clone transfer have some 
CD8+ T cells (even after anti-CD8 antibody treatment) that 
cooperate with the CD4 T cell clones. CD8 T cell clones have 
not proven capable of transferring the disease (146) but the 
addition of polyclonal CD8+ T cells from diabetic mice 
accelerates diabetes transfer by CD4+ T cell clones in irra- 
diated recipients (146). 

T cells could also intervene by secreting various lympho- 
kines that can be directly toxic to /3-cells or attract in the 
pancreas and activate other cell types such as monocytes, 
macrophages, and eosinophils all found in insulitis. These 
cells could in turn produce /3-cell-toxic mediators such as IL- 
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1 or TNF to which, as mentioned above, 0-celIs are exquis- 
itely sensitive. The prevention of diabetes obtained in rodent 
models by treatment with antioxidants, desferoxamine, or 
nicotinamide (Table 3) fits with this hypothesis, suggesting 
the pathogenic role of free radicals and, possibly, nitric oxide. 

Such a role of Iymphokines, known to be primarily pro- 
duced by CD4+ T cells (rather than CD8+ T cells), is sup- 
ported by the already mentioned capacity of CD4+ T cell 
clones to transfer diabetes (144, 146, 277) and the recurrence 
of diabetes after transplantation of MHC-incompatible islet 
grafts in NOD mice (118) or BB rats (119) in conditions 
excluding allogeneic rejection (prior islet culture in vitro): 
cytotoxic T lymphocytes cannot exert their activity against 
an MHC-incompatible target because of the MHC restriction 
of antigen recognition by T cells. It is also interesting to note 
that anti-CD4 monoclonal antibodies prevent recurrence of 
diabetes in islets grafted in NOD mice, whereas anti-CD8 
monoclonals do not (118); however, this must be interpreted 
with caution since, in another model, both anti-CD4 and 
anti-CD8 monoclonals prevent cyclophosphamide-induced 
diabetes (our unpublished observation). The interpretation 
of these contradictory data should perhaps take into account 
the fact that when adrninistered several days before grafting 
(as performed in the experiments just mentioned) (118), anti- 
CD4 monoclonals can induce long-term anti-islet unrespon- 
siveness, which anti-CD8 monoclonals cannot (278). 
; Finally, the question of the respective involvement of 
CD4+ T cell-produced Iymphokines and of CD8+ T cell- 
mediated cytotoxicity remains open, since none of the argu- 
ments supporting the role of one or the other provides 
absolute proof. The problem is complicated by the helper 
function of CD4+ T cells for CD8+ T cell differentiation. 
Alternatively, IFN-y produced by CD8+ T cells could enhance 
CD4+ T cell action. In conclusion, one may reasonably 
assume from data presented above that both subsets are 
needed for diabetes since elimination of either subset can 
prevent diabetes in NOD mice and BB rats. It is still difficult 
to say which cell exerts the central effector function and how 
each cell type regulates the other. 

Attention should also be given in this context to the 
possible cytotoxic activity of natural killer (NK) cells and 
lymphokine-activated killer (LAK) cells that exert antigen- 
nonspecific cytotoxicity activated by Iymphokines. There is 
some evidence in BB rats that such cells could play a signif- 
icant role (176). 



IX. Clinical Implications 

The data and concepts discussed above have already gen- 
erated a number of clinical applications and hold exciting 
prospects. 

A. New appreciation of disease heterogeneity 

When genetic factors and immune mechanisms are better 
defined, a new classification of diabetes mellitus will un- 
doubtedly be formulated, distinguishing autoimmune dia- 
betes from nonautoimmune diabetes. 

Autoimmune diabetes will cover most (but not necessarily 



all) patients currently listed as having type 1 diabetes. It will 
also include the large number of patients with NIDDM due 
to a slow autoimmune anti-/J-cell reaction. These patients are 
recognized by the presence of ICAs and the predisposing 
alleles DR3 and/or DR4. The proportion of slow type 1 
among NIDDM patients reaches 1 0-15 % according to studies 
(279-283). Identification of these patients, for example by 
ICA screening of NIDDM patients, is clinically important 
because of the possibility of early insulin therapy, which 
eventually becomes necessary in most of these patients after 
a long period of poor metabolic control (279, 281, 282). 

A special place should be reserved for diabetes due to the 
direct cytolytic effect of viruses on jS-cells [e.g. rubella (101)] 
and toxic agents [e.g. pentamidine (127)], even if the involve- 
ment of the immune system cannot be ruled out in these 

Finally, attention must be paid to nonDR3-nonDR4 fully 
insulin-dependent diabetics. The level of ICAs and sensitivity 
to cyclosporine are lower in these patients (67), who could 
represent an interesting etiological subgroup. 

In fact, the question must be raised of the extent of IDDM 
heterogeneity. One may be lured by the study of the NOD 
mouse and the BB rats which, as mentioned above, represent 
only a single individual produced in multiple copies. The 
etiological role of multiple factors (genetic and environmen- 
tal) is firmly established, but it is difficult to say whether all 
these factors intervene in a single patient or whether a limited 
number of them is involved in various combinations in 
individual subjects explaining the disease heterogeneity. 

B. Predicting diabetes 

We have seen that ICAs (and other islet-reactive autoanti- 
bodies) can be detected several years before the clinical onset 
of diabetes (284). These immunological markers, combined 
with the identification of predisposition genes (HLA and 
non-HLA genes), allow a fairly precise prediction of the 
disease risk in families of diabetic patients [~80% at 5 yr (see 
reviews in Refs. 285-289)]. ICAs and anti-insulin autoanti- 
bodies appear to be the best predictive markers at present. 
Anti-GAD and /J-cell-restricted ICAs (which essentially in- 
clude anti-GAD antibodies) appear to show a weaker asso- 
ciation with diabetes onset and could even be a marker of 
protection (196, 289). One must realize, however, that genetic 
prediction will never exceed the concordance rate in identical 
twins (35-40%) and that HLA typing will never exceed the 
concordance rate in HLA-identical siblings (10-15%). Auto- 
antibodies (whatever the test used) are absent in 15-20% of 
patients with recent-onset diabetes. Perhaps this gap could 
be filled by T cell assays, but none are yet operational. The 
complementary use of metabolic tests [assays of precocious 
insulin secretion following glucose infusion (284)] has not 
proven very informative, because of the high variability of 
the response in normal subjects and the late occurrence of 
interpretable anomalies (only a few months before the onset 
of insulin dependency). The size of most families in Western 
countries being small, it is less likely that a prediabetic subject 
will have a diabetic sibling, and genetic and immunological 
tests are less efficient in the general population than within 



Downloaded from edrv.endojournals.org by on July 28, 2008 



August, 1994 



AUTOIMMUNE ORIGIN OF IDDM 



affected families. All these limitations call for renewed re- 
search efforts to provide reliable prediction to the degree 
required for immunotherapy. 

C. Immunotherapy 

Immunotherapy can be used in human IDDM at three 
different stages of the disease. 

-Prediabetes without insulin requirement or even metabolic 
abnormalities after glucose infusion (to be distinguished from 
subjects who have all predisposing genes but in whom there 
is no evidence whatsoever of the initiation of the anti-0-cell 
autoimmune response). This is the ideal situation since a 
large fraction of the 0-cell mass is still likely to be present 
and there are strong indications that the autoimmune re- 
sponse is more sensitive to immunointervention at this stage 
than later on. Unfortunately, only insulin prophylaxis has so 
far had any activity at this stage (206). Nicotinamide is being 
tested on the basis of suggestive nonrandomized preliminary 
studies (290-292). 

Preclinical diabetes, where metabolic abnormalities are suf- 
ficiently marked to be detected by provocation tests but not 
to induce an insulin requirement. Slow type 1 diabetes can 
be placed in this category. 

Overt diabetes, defined by insulin dependence. Immunoin- 
tervention may still be efficacious at this stage, inasmuch as 
it is started within 6-8 weeks after the initiation of insulin 
therapy. It should be realized, however, that only a few 0- 
cells are left at this time and one cannot expect a complete 
and long-term recovery of ^-cell function at this stage. In 
this case, the objective is limited to preservation of the 
remaining 0-cell mass (with possible improvement of 0-cell 
function due to the action on local immunologically mediated 
inflammation). Even in cases where insulin cannot be with- 
drawn, a significant improvement of metabolic control may 
result due to the better efficacy of endogenously produced 
insulin in response to glucose stimulations than that of fixed 
insulin injections. 

The large array of methods and products that have been 
successfully used in animal models have already been dis- 
cussed (Tables 2 and 3). It must be stressed, however, that 
most of these interventions were applied early in the natural 
history of the disease, at a phase of 'prediabetes" that is 
difficult to detect reliably in man. In addition, there are 
ethical problems involved in chronic treatment of young, 
apparently healthy, subjects. Hence the interest in products 
active on established diabetes (cyclosporin, monoclonal an- 
tibodies) and even more in products inducing long-term 
unresponsiveness (tolerance) without the need for continu- 
ous treatment. This objective has recently proven feasible in 
NOD mice, with polyclonal antilymphocyte sera (278), and 
both anti-CD4 (278, 293) and anti-CD3 (294) monoclonal 
antibodies. The mechanism of the tolerance induction in 
these experiments is not known but could involve stimulation 
of regulatory cells (TH2?) by T cells in situ under the cover 
of the anti-T cell antibody. Alternative experimental ap- 
proaches to antigen-specific immunotherapy include peptide 
therapy (autoantigen peptide analogs binding to MHC mol- 
ecules) (295) and intrathymic islet grafting, in an attempt to 



induce negative selection of islet-reactive T cells (228, 229, 
296). One should also mention the attempt to induce specific 
unresponsiveness (tolerance) in young (3- to 6-week-old) 
NOD mice using insulin given orally (200) or GAD given 
either intravenously (167) or intrathymically (168). It is in- 
teresting that in the oral insulin model the hypothesis has 
been put forward that tolerance to the introduced autoanti- 
gen leads to spread tolerance toward other 0-cell autoanti- 
gens, possibly by local production of immunosuppressive 
cytokines such as TGF0. 

Therapeutic trials in human IDDM have as yet been limited 
to a small number of compounds, essentially in recent-onset 
diabetes. Two drugs have proven efficacious in randomized 
studies: cyclosporin {vs. a placebo) (147, 148, 297) and aza- 
thioprine in association with steroids (298). One trial using 
low dose azathioprine (2 mg/kg/day) alone did not show 
any effect (299). In any case, the remission induced by these 
two agents was not indefinite (1-3 yr) (300) due to the 
occurrence of insulin resistance (301, 302) and to the auton- 
omous nonimmunologically mediated deterioration of the 
remaining /3-cell population induced by persistent hypergly- 
cemia (glucotoxicity). However, one cannot exclude the per- 
sistence in these patients of an ongoing anti-/S-cell autoim- 
mune response since insulin resistance and glucotoxicity are 
not sufficient in the majority of type 2 diabetics to induce 
progressive |8-cell destruction. Also, the rate of remission was 
no higher than 50%, and immunosuppressive therapy could 
not be stopped without rapid relapse. 

Based on animal model data, three directions are being 
taken to circumvent these difficulties: 1) earlier therapy, 
based on prediction tests and using nontoxic drugs; 2) more 
acute intervention to improve efficacy and rapidity of action 
over the relatively slow-acting conventional immunosup- 
pressive drugs [e.g. with IL-2/toxin conjugates (149)]; and 3) 
tolerance induction with either (oral or intravenous) autoan- 
tigen aclrninistration or monoclonal antibodies. 

These approaches are being complemented by better usage 
of optimized insulin therapy and strict selection of patients 
for clinical trials. \ 

X. Conclusions and Summary 
IDDM is unquestionably an autoimmune disease, as re- 
flected by the presence of /S-cell-reactive autoantibodies and 
T cells, T cell-mediated transfer of the disease in nondiabetic 
mice, rats, and humans, and disease sensitivity to immuno- 
suppressive therapy. T cells are predominantly, if not exclu- 
sively, involved in creating the islet lesions that lead to 
/3-ceu atrophy after a stage of reversible inflammation. A full 
understanding of the disease pathogenesis will require a 
better definition of the nature of the triggering and target 
autoantigen(s) and of the effector mechanisms (cytokines, 
cytotoxic cells?). 

Much less information is available on the etiology than on 
the pathogenesis. Genetic factors are mandatory and the 
involvement of predisposition genes (HLA and non-HLA) is 
now being unravelled. The modulatory role of environmental 
factors is demonstrated by the high disease discordance rate 
in identical twins and by experimental data showing positive 
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and negative modulation of the disease by a number of 
agents, notably infectious agents and food constituents. It is 
not clear, however, whether a given environmental factor, 
e.g. a precise virus or a cow's milk component, plays a real 
etiological role in a selected genetic background. IDDM thus 
appears as a multifactorial disease. It is not known, however, 
whether all factors intervene concomitantly in a given indi- 
vidual or separately in subsets of patients, explaining the 
clinical heterogeneity of the disease. 

The mechanisms underlying the loss of tolerance to self 
/?-cell autoantigen(s) are still unknown. Defective intrathymic 
negative selection of autoantigen-specific autoreactive T cell 
clones is unlikely. Breakdown of T cell anergy could occur 
according to various mechanisms, including aberrant expres- 
sion of MHC molecules and molecular mimicry. Defective 
suppressor T cell function, perhaps related to TH1/TH2 
imbalance, probably intervenes by amplifying the anti-/S-cell 
autoimmune response whatever its triggering mechanism. 

Before putative etiological agents are identified, one must 
base immunotherapy on nonantigen-specific agents. Results 
recently obtained in NOD mice indicate that the goal of 
nontoxic long-lasting immune protection from the disease is 
feasible if treatment is started early enough. In some cases 
(anti-T cell monoclonal antibodies), it appears that specific 
unresponsiveness can be induced. This double strategy (early 
intervention, tolerance induction) is the main challenge for 
immunodiabetologists. They must convince clinical diabetol- 
ogists, the patients, and their families that immunopreven- 
tion of the disease will only be achievable if research on 
prediction and immunotherapy proceeds hand in hand. Pre- 
diction programs are difficult to run without proposing a safe 
and potentially efficacious preventive therapy, and the 
search for therapy cannot be successful without access to 
prediabetics or patients with preclinical diabetes, who can 
only be identified in prediction clinics. Hopefully this review 
will contribute in a modest way to generating the necessary 
faith in the future of immunoprevention of the disease, 
which could eventually lead to its eradication. 
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Clinical significance of IgG 
Fc receptors and FcyR-directed 
immunotherapies 

Yuhwant M. Deo, Robert F. Graziano, Roland Repp 
and fan GJ. van de VYInkei 



1 be IgG Fc receptors (F?y8s) a» 



Fc receptors far IgG (FcyRs) cm 
trigger the inflammatory, cytotoxic 
and hi/persensitiuity functions of 
immune effector ceils* Activation 
or deactivation of effector cells via 
FcjRs can be exploited to develop 
novel therapies for cancer. 



is located in the cytoplasmic r 



HvaHon by this receptor'. Recently, 
has been chown to be capable of intending 
with the Fdt Tchain, which modulate ih> 
signaling behavior". The FcyKHb members 




motif UTAM) involved in 




(Fig. lb). The myeloid FcyRua (CD32) differs by a single amino add 
l^Rs as a gateway been to celrulararrihurrK^ within the second Ig-likc domain, dlher an argmincor hlstkJine 

nume cascade makes them potentially attractive candidates for di- at position 131 {FcyKlla-R131 or FcyRJIa-H13ir. The nctitraphfl 
on the ClinlCBl signifi- FcyRHIb-NAl and -KA2 allotypes differ by five nucleotides, 
which result in an Increased number of glyeosylation sites in 
FC1R1IID-NA2 ton vmm four)'. In addition, ammo add variation 
at position 48 distinguish.:* throe allotypes of FcyKWa (Ret 8). 

(H.R.Kocneefii'.. 

There are three dasses of FcyR: fcyftl (CDM>, Fe>RJI (CD32) and unpublished). 

FcyRdl (CDI6). These classes comprise nine membrane-assodated Although the extracellular domains of various FfcvRs donolex- 
and three soluble Fc-»R irmlecules. encoded by eight genes (Fig. U). hibit exclusive spedHdty for Hgands (Table 1), individual FcvRs 
FcyRs are expressed by most hematopoietic cri&and thdrexprev- trigger characteristic biological responses determined by both the 
sion can be enhanced by certain inflammatory cytokines such as nature of the effector cell and the transmembrane and cytoplasmic 
interferon f OTN-r) and granulocyte cc4ony-sthmdating factor region* of the receptor'- 2 . Furthermon?, thr trannmnnbrane dnmaira 
(G-CSF) (Table If- 2 . With the exception of the gtyoosylphaspha- of MIRJU may functionally in 
tidyunositol (CPD-Unked FcyRIIIbv all Fc-jRs are transmembrane 
molecules belonging to the family of multichain Immune recogni- 
tion receptors QVHRRa), which aba includes the B-ceJi receptor modulation of antibody secretion; and, on neutrophils, complement 
(BOO and T-ceU receptor (TOO. Feyffla fa a Wgh-afflnity receptor receptor 3 (CR3; CDllb/CDlffl acts as a signaling partner for GPI- 
and contains three lg-like domains in lis extraceUular region, in- United FcyRIIIb (Kefs 5, 10, II). Hie tint step In FcyR activation Is 
stead of two as In all other FcyRs. FcyRfi and FcyRDI represent low- receptor cross linking, with as few as two crosslmfced receptors acti- 
affirdty receptors. Most Fc-fRs exist as rHtero-ohgoniertc complexes rating the signaling cascade 0% 2). Crosslirddng at the Fcyi. 
with a llgand-blndlrtg ct-chaln and a signaling component compris- ligattd-binding domain, as well as outside this domain [via atui- 
ing y. P- or (-chains (He, la. Table 1 ). Each signaling chain bear* a receptor monoclonal antibodies (mAbs)l, triggers FcyR function 1 -". 



i For example: a 
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(a) Human Fcrfi family 

FcyHl (CD64) 





Op Dp D< 



Hf. 1. M Tfor ftiimw FryR /away. T/k- li&ml-biHcUng ordmns of nil receptors ca 
■ rfebulin <lg>40* domains. FryRl b* three Ig-IHe Aomoim. hV otkm hare two IpJ&e imuiiis. FcyKIt. FeyRlbt and Ft jRllla exist as cUgamtrit ami- j 

! miuiuiaatotainmi u&ibilory motif (,TM). ioiieated hi thi mhuis tign. All nW classes contain soluble molecules not slum iuOisdiagrm. lb) FcyR 

! ptHynmptof*if.Tn»aUotypkfonKsofhmm . 

'■ HI3I ) at jwstoii 131. The too alktopt* of FrjWrte cailnin eiliur Mine or plianjIattnhK at ujsrtioii 158. The FitRIUMMI awf -NA2 alWyprs I 

i differ by five rnicfepfufej. itfii* result* « dtlfcn,-iiUrf ejye«elut»j fiHdfcsftrf ty Ifc vmr heads). Abbreviation: CPU sfyc^^phosphalidyliriosM. ! 



within the ITAM of FryR* by *n-family protein tyrosine kinases 
' UTKs). This is followed by association and activation of suit-family 

I PTKfl with the phosphnrylated ITAM. The subsequent events are functions, activation of Fc-jR by 



in phagocyte expression of buFcvRl in mice 
tiese immune defense j 
Us or defects in FctR 



i ingconiponcnts leading to different bWogkal responses'. Recently, the significance of FcjRs In type II and III hypersensiliv- j 

1 FcyR-expressIng crfls activated via these signaling cascades air ity reactions has been firmly established by detective anaphylactic ; 

abfetoly^orplwsocya^IgG-cjpscnlzedp^diogeivswhmiGrcells. and Inflammatory responses observed in mice deficient in the FcR I 

as well as clear immune complexes (ICsX promote antigen pre*- -y-chaln or In Fey RID IRefs 15-17). Thus, the plctotropic biological I 

: entaUon and induce Inflammation. The rtfR-dependent phagocytic responses induced via FcyRs play a significant role in various dis- 

! and cytolytic |artibody.dependent cellular cytotoxicity (ADCCli eases. Therefore, therapies that harness these rytotoxk and immune ; 

activities are well documented. These activities play a key rule in activation funrtions of FcjRs, or downmodublc Fey R activity, arc ' 



immune defense against 


Infectious diseases, and probably in iro- 


antigens to FcyRs on mac 






a human FcyRl IhuFryRD transgenic mouse modi 
transgenic animals foctaced a much greater humo 

porting a role for huFcyRI in antigen presentation 


1 In which the 
ral response to 

". In the same 
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s and bi specific molecules (BSMs) directed to FcvK-exprossing [ 
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to fcyRs on APC4 induce slrang antjgen- 



! tim of tumor crfk by phagocytosis or 
! ADOC induced via Hading to Fctfts. 



ADOC of a land cpednun of tumor cell 
lines, derived both from solid rumors 

moaocytc*. owtrophages, eo- 




sotype to engage FtrjRs on cytotoxic effec- 
tor edk; and 0> nidi j ' 
KaVJ, fragment 



clinical triiOi further support the fo rif« 




have been found 10 be equally effective fat eradicating tumun in IgGI has the bnudmt ipectnim reactivity with human R-yRk 

mice deficient m complement component CS as In control mice, (Table 1) and fa, therefore, regarded a* optimal for eucetor cell 

which thereby vitiates compteaieni-Riedlated tumor eeH lysis in recruitment In accordance, a humanized IgCI anU-HER-2/m » 

this model 21 . Furtkenoocr, die capacity of antibodies to el kit antibody and a chimeric IgGl anH-CD2U antibody haw shown 

tumor regression ha> been shown in certain cast* to depend on very encouraging clinical responses, emphasizing the importance 

Hrri^expfeBing effector cells* Indeed, the rate of tumor refoc- of the human Ft region"-*. These studies Indicate that the cytotoxic 

" activity of FeyR-exprcssIng effector ceils may piay an Important 
role is the an^urm? effect! of hrniiw-nwctive mAbn. 

pkUon of FcR- 




rerruitment and FcyR activation at 
BSMt that have one arm specilk for tumor cells and the 
faMype switch variants of CAMPATH antibody (specific for other specific for i-'cyRs on immune effector cells have been devel- 
CDwSZ). the rtrongest depletion of malignant cells was observed oped u . These K'Ms offer several advantages over conventional 
effectively induced ADCC mAbj as detailen in Box I. 
i a murine IgOHa (a potent me- fir»RJ and FrvROI arc of particular intemt for DSM targeting, 
diahrr of ADCQ tumor-specific mAb (*nri-17-lA> reduced the FcrM is exprof d solely on cytotoxic effector cells and Is always 
overall death rate by >30* in colorectal cancer patients 9 . Human capable erf trlfr.w-.ng cytotoxic activity Since ft is typically saturated 
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fry atriMljG jbr ^j*^M&*iilbriiam 



m tftfftdaredlidintian Oueugli FtyRi. 




ThtaucU^sttpisaossU^ofrcita.mdMbpmiMbitib* " Efficacy of BSMs m riw te ten 

uW» Krfntf <f «rtfcm-fcG to«* la ftc ex. «mbtad In™*-""™ ™ » ' - - 

rf«tor. cfSK-pm*/ P™>- pA^-jlctia, (Plefte long-teimBuvivd 

ftyK fTAM. TWi ptaptaiytouii nxufh ai binding and tcliMion vf Three BSMs directed to FcyRI and two directed to FcyHHI are cur- 

syk^mily PTKv/dlW iy < can* admitting iu jrfrysfo- iwBy M"S tasted in duricsl triak, cither 

fo^respcJtsw.TVaad/wi^!^ with cytokines thai may enhance thdr el 

FcyR* has not btrn wtH niaHitai Athrviaticm: ADCC anibody phase VU studies « ui 




triggering ADCC by NK cells and it U also 
I maoophiges CBble DLBSMi^edBcteFtrriOH and 



i on (eqMMfeslK«A»CRGuyKdat v ai 
or antigens comprising a s»Ab to CD1S linked vritk an FqfHI mAb w 
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degradation of opsonized vims particles. However, fe some fe- 
ces. Euboptoml levels of vnuwptdfic ^BbacBes ban been 
d to promote iniecthm of FcyR' celk by fbrei viruses, alpha 



Ontheolherhan4KJ*«todbirfHIVtoR^fcyRJIorFci,Rffl 




duction with no evidence of ADE (Ref- 39). However, « B5M tugg- 
ing H[V 

n led to ADE of 




duoed Artbus reaction in I«ydiuii^didertmidFn*aiWeaci«t 
mouse models, hive established that FcyRs play an important role 
in typo m hypensenaitivily reaction*' 5 '". 

FcjR prfymorpWsms also seem relevant In autoimmune disease. 
A marked skewing of FfcvRHa allotypes that interact differently 
with human IgC2 and IgG3 aotypes has been observed in 
Caucasian SLE patients with lupus nephritis* 5 , and In African- 



khformitiooofHIVprovirslDNAin; 
clinical trial, up to six 10 mg mr* doses of MDX-240 were tolerated 
well, and induced a tranrient increase in CtM" T cells In tome pa- 
tients, although none of the treated patients « 
ADE 0-L Pasqmh it at, unrjubtahed). Thee : 



Several dinical parameters were found more frequently in FcyRJIa- 
R/R131 than in KcvRIIa-H/fil31 J 
high levels of anti-dsDNA and anl 
the increased incidence of AIH A (it Repp and J.G.J, van de Wmkel, un- 



the activation capadty of amt-ncuuopbfl cytoplasmic , 
Wegener's granulomatosis*. CoHecU .J>, these data suggest mat 
the Fctftlia polymorphian constitutes a risk factor that has patho- 



odtes or, conversely, by filling to clear ICs 
adequately. For example, feabiury of FcrR-bearing cells to remove 




double-stranded CdsJDNA and other nuclear factors. Hie ICs 
formed by these antibodies depc^ ta the Wdney awi cause renal 



bodies to induce thrombocvtopenU in FcR ^KJudtwlendent mice 
has solidified and extended the role of FcyRs m type n hypersensi- 
tivity disorders (A1H A and rTP) 16 . Corticosteroids, often the first Una 
of treatment for IIP, have suppressive effects on FcyR functions', 
impeding the destruction of amibody-coated platelet by BeyR- 
eeffls of the mononuclear phagocyte syfOwn. Other treatrnents for 
1TP include mtravennus Immunoglobulin UVTg) and anti-Rhesus 
fador antibody WmRho). One proposed mechanism of action for 
IVlg and WmRho suggest* that their binding to FcyRs cm rmnonu- 



of UP by infusion pf the Ft portion of IgG, support the idea that 
FcyR blockade b a relevant mechanism of action" A role for FeyHs 
ta A [HA is further supported by prolonged fC clearance in mice 
treated with an anti-marine FcyRn/IH mAb 0402)". and delayed 
clearance of anb'body-opsonized erythrocytes in chimpanzees in- 
fused with an anH-FcyRID mAb QG8)*. Furthermore, an ITP pa- 
tient treated with mAb 308 showed a dramatic, albeit transient, rise 
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count remained stable during the five-day mAb treatment, the pa- 
tient showed a marked rise in platelets in response la subsequent 
IVfe treatments. A humanized ann-fcyR! mAb (H22) 55 can effi- 
ciently downmodubte FcyRI on monocytes and macrophages, re- 
suUtagtatahWUanofphagc^y^ 

cells (P.K. Wallace, unpublished). Utnlcal trtata of this reagent for 
evaluation of in ri» efficacy in HP and A BHA patients areoipected 



10 DyctMJS. Hale, C, tfayhee, RGJ.au 



exploited hi comhat various diseases. Recently, the signal transdoc- 
Uon pathways of FcyRs have been partially delineated and HcyR- 
spadfic mAbs ami BSA an being tested ia pncOi.^l aod chnical 
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Immunoisolation: at a turning point 

Robert P. Lanza and William L. Chick 

j Tltepritutycofimmunoisotatimis \ 
; to separate transplanted ceBs from ' 




n diabetes, as as a wide range of other disorder*. of vJrts to heat a single patient indicate that techniques m 
cytag for the treatment of fiver Wlui^dBOii^cetefarehwnte animal aotntof to diab(«C|>alfait«.Sucht»diDiqu«mnrtoi 
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SUMMARY 

We have studied and compared the effects of IgA and IgG immune complexes and concanavalin A 
(Con A) on human monocyte tumour necrosis factor (TNF) production. The presence of IgA- 
containing immune complexes in monocyte monolayers resulted in a dose-dependent increase of 
TNF production. Similar results were obtained with IgG-containing immune complexes and Con A. 
The presence of monomelic IgA or IgG did not increase TNF secretion. Both IgA and IgG immune 
complexes also increased monocyte interleukin-1/? (IL-1/0 production. Galactose inhibited the effect 
of IgA but not IgG immune complexes, while mannose inhibited the effect of Con A. Prednisolone 
abrogated TNF production, while indomethacin enhanced TNF production in all instances where 
cross-linking of plasma membrane receptors was achieved. These results indicate that activation of 
Fca receptors (FcaR), FcyR or mannose receptors of the human monocyte plasma membrane by 
cross-linking results in increased TNF and IL-1/? secretion. These findings may be of particular 
relevance in the pathogenesis of IgA immune complex-mediated disease. 



INTRODUCTION 

Immune complex (IC) deposition in target organs is implicated 
in the pathogenesis of tissue injury in a wide variety of 
autoimmune diseases, chronic arthritis and glomerulonephri- 
tis. 12 Part of the inflammatory response is attributed to binding 
of these complexes to the Fc receptors of local tissue macro- 
phages. The stimulated phagocytes secrete a variety of inflam- 
matory products including prostaglandins, leukotrienes, pro- 
coagulant factors, cytokines, neutral and lysosomal enzymes. 3 " 7 
In these diseases, particularly in chronic glomerulonephritis, 
increased numbers of monocytes have been demonstrated in the 
tissue lesion as part of the cellular infiltrate. 8 " 10 

There is increasing recognition that immune complexes of 
IgA isotype play a pathogenic role in glomerulonephritis, such 
as IgA nephropathy and Henoch Schonlein purpura." In fact, 
the former is now recognized as the commonest form of chronic 
glomerulonephritis. 12 In addition, IgA immune complexes have 
also been implicated in chronic rheumatoid disease, particularly 
of the juvenile type. 13 The presence of Fca receptors (FcaR) on 
human peripheral blood monocyte plasma membrane has been 
demonstrated by E-IgA rosette formation, indirect immuno- 

Abbreviations: Con A, concanavalin A; FcaR, Fca receptor; FcyR, 
Fey receptor; IC, immune complexes; IL-l/J, interleukin-1/?; slgA, 
secretory IgA; TNF, tumour necrosis factor. 

Correspondence: J. H. Passwell, Samuel Jared Kushnick Pediatric, 
Immunology Laboratory, Sheba Medical Centre, Tel Hashomer, Israel 
52621. 



flourescence and competitive inhibition of binding of radio- 
labelled ligand. 14 -" Recently, a 60,000 MW FcaR, distinct from 
the three FcyR which bind both monomeric and polymeric 
forms oflgAl and IgA2, has been defined 18 " and a cDNA clone 
encoding for this receptor has been characterized. 20 Evidence for 
FcaR on human polymorphonuclear leucocytes, rat peritoneal 
macrophages and human breast milk macrophages has also 
been presented. 21 " 23 

The cytokine tumour necrosis factor-a (TNF-a) is primarily 
a product of mononuclear phagocytes that originally was shown 
to have cytotoxic properties against tumour cells. 24 However, 
this monokine has many systemic effects including mediation of 
the septic shock syndrome, induction of cachexia, fever, the 
acute phase response and inhibition of lipoprotein lipase. 25 - 26 In 
addition, this cytokine induces complement gene expression and 
increased biosynthesis of several complement proteins by 
hepatocyte, macrophage and fibroblast cultures. 2627 TNF also 
promotes macrophage oxidative burst and increases the killing 
of intracellular organisms by induction of non-oxidative mech- 
anisms. 28 30 Apparent opposing effects of TNF have been shown 
in in vivo models of disease in which TNF inhibits insulitis and 
autoimmune diabetes mellitus and lupus glomerulonephritis in 
experimental animals. 30 32 In animals it enhances host resistance 
in vivo to parasites and intracellular infections; however, it is 
central in the inflammatory response in bacterial meningitis. 33 35 
We have studied the effects of immune complexes of the IgA 
isotype on monocyte production of TNF. These results have 
been compared to the effects of binding of concanavalin A (Con 
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A) to its known mannose receptor on the monocyte plasma 
membrane and also cross-linking of FcaR and FcyR. 

MATERIALS AND METHODS 

Monocyte cultures 

Monocyte monolayers were prepared as described elsewhere. 36 
In brief, human donor heparinized blood was centrifuged at 
400 g for 10 min and the plasma and the buffy coat layer were 
removed. The white cell suspension was layered on Ficoll- 
Hypaque (Pharmacia Fine Chemicals, Uppsala, Sweden) centri- 
fuged at 400 g for 20 min at room temperature, and the 
mononuclear cell layer was removed from the interface. These 
cells were washed three times in Hanks' balanced salt solution, 
and were resuspended in RPMI-1640 medium (Microbiological 
Associates, Betheseda, MD) supplemented with 10% heat- 
inactivated Millipore-filtered fetal calf serum, penicillin (100 
U/ml) and streptomycin (100 /ig/ml) (Gibco, Grand Island, 
NY). The number of monocytes and lymphocytes in each 
preparation was determined by morphology of Giemsa-stained 
cytocentrifuge preparations and staining for non-specific ester- 
ase. The cell concentration was adjusted to 1 x 10 6 monocytes/ 
ml, and aliquots of 0-2 ml (2 x 10 s monocytes) were pipetted into 
96-well flat-bottomed tissue culture trays, 8-mm diameter, or 0-5 
ml (5 x 10 5 monocytes) into 24- well flat-bottomed tissue culture 
trays (Falcon, Oxnard, CA). 

Adherence of monocytes was facilitated by gentle rocking at 
37° for 45 min, after which time the non-adherent cells were 
removed by washing vigorously three times. Giemsa staining of 
the adherent cell population identified them as 90-95% mono- 
cytes. These cell cultures were maintained in complete medium 
at 37° in a humidified atmosphere of 5% C0 2 . 

Assays for cytokines 

TNF activity was determined by lysis of the mouse L-929 cell 
line. 31 The cell cultures were plated in 96-well tissue culture trays 
(4 x 10 4 cells/well), treated with actinomycin-D 2 /ig/ml for 1 hr 
and viability was determined by uptake of crystal violet after 
incubation in the presence of the monocyte extracellular 
medium for 18 hr. The effect of recombinant human TNF-a, 
ranging from 5 to 10,000 units/ml, was included in each assay 
as a standard curve. Rabbit anti-TNF-a antibody added to 
extracellular samples completely inhibited the effect of lysis of 
this cell line. In addition, in selected experiments the TNF 
concentrations determined by this biological assay were com- 
pared to those of a commercial ELISA assay and were strongly 
correlated (results not shown). 

The interleukin-10 (IL-10) concentration was determined in 
the extracellular medium by radioimmunoassay (Advanced 
Magnetics Incorporated, Cambridge, MA). Aliquots of 100 /il 
of the samples were tested and the assay was performed 
according to the instructions of the commercial source. An IL- 
\p standard was included in each assay and results were 
calculated from the standard curve which ranged from 0 to 500 
units/ml. 

AB positive serum from a single donor was used in all these 
experiments. Concentrations of IgA and IgG in this serum were 
100 mg/dl and 800 mg/dl, respectively. Human IgG, secretory 
IgA (slgA) and respective goat anti-human immunoglobulin 
antibodies were obtained from Bio Yeda, Rehovat, Israel. 
F(ab') 2 fragments of these antibodies were prepared by pepsin 
digest. Concanavalin A (Con A), succinyl Con A, polymyxin B, 



mannose, galactose and lipopolysaccharide (LPS) from Escheri- 
chia coli 026;B6 were purchased from Sigma Chemical Co. (St 
Louis, MO) and made up at the designated concentrations for 



Immune complexes 

Immune complexes containing human immunoglobulin of 
either the IgG, IgM or IgA isotype were prepared in situ by 
adding the respective goat anti-human F(ab') 2 antibody to 
confluent monocyte monolayers cultured in RPMI-1640 with 
15% human AB serum in the presence of polymyxin B sulphate 
(5 /ig/ml). In order to exclude the possible effects of activated 
complement components, AB serum was heat inactivated at 56° 
for 30 min. The binding of IgA and IgG immune complexes to 
the monocyte membrane was confirmed by indirect immuno- 
fluorescence using a rabbit anti-goat IgG fluorescein-labelled 
second antibody. Immunohistology showed that a rim of 
fluorescence was present when incubations were carried out at 
0°, while incubation at 37° showed patching on the membrane 
after 30 min and the cells had internalized most of the labelled 
antibody after 2 hr (results not shown). 

In addition, preformed immune complexes were prepared at 
4° by incubating purified slgA preparations with antibody 
at varying concentrations and allowing precipation to occur. 
These preformed complexes were then added at varying concen- 
trations to the monocyte monolayer. Immune complexes were 
also formed in situ by adding increasing concentrations of slgA 
to monocyte monolayers in fetal calf serum and 30 min 
thereafter the F(ab') 2 antibody was added. 

Preliminary experiments showed that addition of endotoxin 
to human monocyte monolayers resulted in a dose-dependant 
increase of TNF in the extracellular medium. The effect of 
endotoxin was completely inhibited by the presence of poly- 
myxin B (5 /ig/ml) in the medium (results not shown). Therefore, 
in order to exclude the effect of contaminating endotoxin, all 
subsequent experiments were carried out with polymyxin B in 
the culture medium. 

Statistical analysis 

The results are expressed in the figures and tables as mean ± SD. 
Significant effect of addition of immune complexes by compari- 
son to control cultures was tested by paired Student's Mest. 



RESULTS 

Effect of Con A on TNF production by human monocytes in 
culture 

Con A resulted in a dose-dependent increase of TNF production 
(Table 1 ) which was not altered by polymyxin B. The presence of 
a Con A stimulus for 2 hr was sufficient to result in a significant 
increase of TNF production compared to untreated cultures 
(results not shown). Prior incubation of the monocyte mono- 
layer with mannose inhibited Con A-induced TNF secretion, 
while succinyl Con A resulted in only a slight increase in TNF 
production compared to Con A (Table 1). 

Effect of IgA and IgG immune complexes on human monocyte 
TNF production 

Monocytes from different human donors varied considerably in 
the amount of basal TNF production and in response to the 
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table 1. Effect of mannose on Con A-induced monocyte TNF 
production 



Experimental condition 




TNF (ng/ml/10 5 cells) 


Control 


_ 


0-4+01 


Mannose (1 x 10~ 5 m) 




0-4+01 


Con A 


01 (/<g/ml) 


0-4 ±01 


Con A 


l-0(/ig/ml) 


0-6 ±01 


Con A 


20 Oig/ml) 


ll-5±3-2 


Con A 


5 0 Oig/ml) 


77-6±4-8 


Con A 


10 0 (/ig/ml) 


166-7±9-3 


Con A (10 ;ig/ml)+ mannose 


(1x10- 5 m) 


l-7±0 I 


Succinyl Con A 


10-0 (Mlm\) 


14-3±l-0 



Results are the mean ±SD of two different experiments done in 
triplicate. The mannose (10 -5 m) was added 30 min prior to Con A (10 
/jg/ml) and the monolayers were then washed twice after 1 hr. The cells 
were maintained in culture thereafter for 24 hr and the extracellular 
material was harvested for determination of TNF concentrations. 
Experiments were done in the presence of polymixen B (5 //g/ml) in the 
culture medium. 




Control IgAIC Control IgG IC 

Figure 1. Comparison of monocyte TNF production following cross- 
linking of FcyR or FcaR. Activation of the respective receptors was 
effected by cross-linking of the ligand in the AB serum. Extracellular 
medium was harvested 24 hr after addition of the stimulus for 
determination of TNF concentration. The varied response of different 
donors is illustrated. Each point is the average of triplicate cultures and 
represents experiments performed on different days. 



various stimuli. However, cross-linking of either the FcaR or the 
FcyR, which was achieved by addition of goat F(ab'>2 antibody 
to the respective immunoglobulin, resulted in a consistent 
increase in TNF production (Fig. 1). Decreasing the amount of 
antibody added to the extracellular medium resulted in a dose- 
dependent decrease in TNF production (results not shown). 
Similar formation of IgM complexes had no effect. Immune 
complexes of the IgG isotype resulted in an approximately five- 
fold greater amount of TNF secretion compared to the effect of 
IgA immune complexes. Cumulative data of 9-15 experiments 
showed that IgG immune complexes resulted in a 101-0+56-3 
SEM-fold increase; while IgA immune complexes resulted in a 
19-6+7-3 SEM-fold increase. Both instances were significantly 
increased (/»< 0-001) by comparison to control cultures, as 
calculated by Student's paired f-test. 

Incubation of the monocyte monolayers in the presence of 
immune complexes of both IgA and IgG isotype resulted in a 




Time (hr) 

Figure 2. Progressive increase in monocyte TNF production following 
cross-linking of either FcyR or FcaR. Results are from a representative 
experiment, where each time-point was done in triplicate. 




Figure 3. Addition of galactose (Gal) (1 x 10 _4 m) prior to cross-linking 
of FcyR and FcaR. Galactose was added 1 hr prior to the respective goat 
F(ab') 2 antibody. One hour later the monolayers were washed twice. 
The extracellular medium was harvested 24 hr later and assayed for 
TNF biological activity. All results are the mean±SD of two experi- 
ments, each done in triplicate. 



progressive increase in TNF production (Fig. 2). Exposure of 
the monocyte monolayer to either IgA or IgG complexes for 30 
min and then subsequent washing was sufficient to induce an 
increase in monocyte TNF production (results not shown). The 
second antibody effecting the cross-linking was not responsible 
for the increased monocyte TNF production; as addition of 
these goat antibodies to monocyte monolayers in the presence of 
fetal calf serum rather than AB serum did not induce TNF 
production. 

In order to test specificity of activitation via FcaR, we 
examined the effect of prior addition of galactose to the 
monocyte monolayers. We used concentrations of galactose 
which we previously had shown to inhibit binding of sheep red 
blood cells coated with IgA to human monocytes. 23 IgA immune 
complex-induced TNF production was inhibited by the pres- 
ence of galactose (1 x 10 -4 m); however, no effect of galactose on 
the IgG immune complex-induced increase in monocyte TNF 
production was observed (Fig. 3). Similarly, prior addition of 
mannose to monocyte monolayers inhibited Con A-induced 
monocyte TNF production (Table 1). 

Effect of preformed IgA complexes on monocyte TNF production 

These experiments were performed in the presence of fetal calf 
serum. A dose-dependent effect following addition of preformed 
IgA immune complexes on monocyte TNF secretion could be 
demonstrated (Fig. 4a). In addition, soluble immune complexes, 
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IgA (fig/ml) 



Figure 4. Dose-dependent increase in TNF production following 
addition of IgA anti-IgA immune complexes, (a) Preformed complexes 
were formed following precipation of slgA and anti-IgA antibody. 
These complexes were then added at varying concentrations to the 
monocyte monolayer. Extracellular medium was harvested following 24 
hr incubation period and used for TNF determinations, (b) Immune 
complexes were formed in situ by incubating the monocyte monolayers 
in fetal calf serum. Increasing concentrations of slgA was added and 30 
min thereafter the F(ab')2 antibody was added. Extracellular medium 
was harvested following a 24 hr incubation period and used for TNF 
determination. 




Time (hr) 



Figure 5. Kinetics of monocyte IL-10 production following cross- 
linking of FcotR. Results are of a representative experiment performed in 
duplicate cultures. Extracellular medium from each well was assayed in 
duplicate for IL-10 concentration by radioimmunoassay. IgA com- 
plexes were formed by addition of the F(ab')2 goat antibody. 

which were formed by the addition of various concentrations of 
human slgA and 30 min thereafter goat F(ab') 2 anti-IgA added 
to the monolayer culture, also resulted in a dose-dependent 
increase of monocyte TNF production (Fig. 4b). 

Effect of IgA immune complexes on human monocyte IL-l/J 
production 

IgA immune complexes formed by the addition of goat F(ab') 2 
anti-human IgA antibody in the presence of AB serum resulted 



□ Stimuli ■ Stimuli + indomethacin 




Control LPS ConA IgA IC IgG IC 
(20/jg/ml) (lOA<g/ml) 



Figure 6. (a) Increase in TNF production by human monocyte 
monolayers following co-incubation or various stimuli with indometha- 
cin (5 //g/ml). The extracellular medium was harvested after 24 hr 
incubation and used for TNF determinations, (b) Inhibition of mono- 
cyte monolayer TNF production by corticosteroids with various 
stimuli. Prednisolone (2 x 10~ 5 m) was added 4 hr prior to addition of 
the stimuli. The extracellular medium was harvested after 24 hr 
incubation and used for TNF determinations. Each of the above figures 
represents two different experiments; where each of the conditions was 
performed in triplicate. 

in a dose-dependent increase in monocyte IL-l/S production 
(Fig. 5). Similar results were obtained with IgG immune 
complexes (results not shown). 

Effect of indomethacin or prednisolone on TNF production 

Stimulation of TNF production by addition of either Con A, 
IgA or IgG complexes or endotoxin was increased in each 
instance when indomethacin (5 /Jg/ml) was added to the 
cell culture (Fig. 6a). Conversely, incubation of the cell 
cultures with the various stimuli in the presence of prednisolone 
(2x 10- 5 m) inhibited TNF production (Fig. 6b). 

DISCUSSION 

In these experiments we have shown that binding of IgA 
immune complexes to monocyte monolayers results in increased 
monocyte TNF production. Immune complexes were formed 
either by addition of goat F(ab')2 anti-human IgA antibodies in 
the presence of AB serum or by adding the goat F(ab')2 anti- 
human IgA to varying concentrations of slgA in fetal calf 
serum. Neither the presence of slgA nor antibody alone had 
any effect. Addition of preformed IgA immune complexes to 
monocyte monolayers also achieved similar responses. Forma- 
tion of IgG complexes in similar fashion also resulted in 
increased monocyte TNF production. These latter findings of 
cross-linking of FcyR confirm results reported by Debets et al. 1 '' 
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'In addition, both IgA and IgG immune complex formation 
resulted in increased monocyte IL-l/f production. The latter 
finding has also recently been reported by Chantry et al? 1 The 
specificity of activation via FcaR was confirmed as abrogation 
of IgA complex-induced TNF production could be effected by 
prior incubation of the monocyte monolayers with galactose, 
while this was not apparent with IgG complexes. These findings 
are probably due to the particularly rich galactose residues in 
the Fc portion of the IgA molecule, thus resulting in inhibition 
of binding to the receptor by the increased concentration of 
galactose in the medium. 38 Increased monocyte TNF produc- 
tion was also induced by addition of Concanavalin A, which 
binds to the macrophage mannose receptor. 39 Succinyl Con A 
which does not result in cross-linking of the receptor only had a 
minimal effect and inhibition of Con A-induced effects was 
achieved with mannose. 

Monocyte/macrophage FcyR mediate a large spectrum of 
functions including phagocytosis and endocytosis of IgG- 
coated particles, antigen presentation and antibody cytotoxi- 
city. Previous studies have shown that activation of monocytes 
via their FcyR by immune complexes or Fc fragments has 
resulted in increased prostaglandin E2, leukotriene and col- 
lagenase and recently IL-1/? secretion has also been demon- 
strated. s- 5 - 37 - 40 Similarly, binding and phagocytosis of particles 
via FcaR has been demonstrated and activation of the FcaR 
increases monocyte prostaglandin E 2 (PGE 2 ) production and 
the oxidative burst. 17 ' 21 We have also shown, using similar 
experimental conditions, that IgA complexes result in increased 
macrophage biosynthesis of C3 (J. Laufer et al., manuscript 
submitted for publication). The demonstration of increased 
TNF and IL-1/? production adds to the array of inflammatory 
products produced consequent on activation of the monocyte 
FcaR. 

The infiltrating macrophages during the course of glomeru- 
lonephritis may not only be directly responsible for secretion of 
their inflammatory products, but they also express class II 
antigen epitopes and are capable of eliciting an MHC-restricted 
cellular immune response. 41 The possibility that activation of 
IgA receptors of the mononuclear phagocytes occurs in Berger's 
disease is suggested by the recently recognized clinicopathologi- 
cal association of the number of monocyte/macrophages per 
glomerulus and the number of glomerular crescents and the 
degree of proteinuria. 42 

TNF may exert its inflammatory potential locally on other 
cell types, for example fibroblasts to increase their inflammatory 
response (complement, PGE 2 ) or induce HLA class I and II 
antigens and leucocyte adhesion molecules, and thus may be 
involved in enhancing the local cellular response, or it may act in 
an autocrine fashion on the macrophage. 30 

The demonstration of increased TNF production in all 
experimental conditions in the presence of indomethacin, 
confirms that PGE 2 that is secreted concomitantly using these 
experimental conditions, down-regulates TNF production. 43 
Nevertheless, there is increasing evidence demonstrating 
increased TNF gene expression in the target organs of these 
immune complex-mediated diseases. 44 Corticosteroids, such as 
prednisolone, had an inhibitory effect on the immune complex- 
induced TNF secretion, confirming that this mechanism of 
action may be of therapeutic benefit. 45 

There is now considerable evidence that immune complexes 
are formed in situ in chronic immune complex disease rather 



than by simple deposition of circulating immune complexes. 1 
We have also shown that in murine models of autoimmune 
lupus nephritis, complement mRNA of C3 increases with 
progression of disease. 46 - 47 The present studies indicate that 
immune complexes, particularly of IgA isotype may exert their 
inflammatory effect via local cytokine production. Confirma- 
tion of this occurrence, at least in human IgA-mediated disease, 
and demonstration of the predominant cell responsible for 
TNF-y or IL-10 production, will be possible with in situ 
hybridization techniques of affected tissue. The net effect of the 
cytokine TNF production, that is whether it enhances or 
abrogates the inflammatory response in these lesions, has not 
been elucidated. 
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Summary 

Macrophages can respond to a variety of infectious and/or inflammatory stimuli by secreting an 
array of proinflammatory cytokines, the overproduction of which can result in shock or even 
death. In this report, we demonstrate that ligation of macrophage Fey receptors (Fc^R) can 
lead to a reversal of macrophage proinflammatory responses by inducing an upregulation of in- 
terleukin (IL)-10, with a reciprocal inhibition of IL-12 production. IL-10 upregulation was 
specific to FC7R ligation, since the ligation of the Mac-1 receptor did not alter IL-10 produc- 
tion. The identification of the specific FcvR subtype responsible for IL-10 upregulation was 
determined in gene knockout mice. Macrophages from mice lacking the FcR 7 chain, which is 
required for assembly and signaling by FcvRI and FC7RIII, failed to upregulate IL-10 in re- 
sponse to immune complexes. However, mice lacking either the FC7RII or the FC7RIII were 
fully capable of upregulating IL-10 production, implicating FC7RI in this process. The biolog- 
ical consequences of FC7RI ligation were determined in both in vitro and in vivo models of in- 
flammation and sepsis. In all of the models tested, the ligation of FC7R promoted the produc- 
tion of IL-10 and inhibited the secretion of IL-12. This reciprocal alteration in the pattern of 
macrophage cytokine production illustrates a potentially important role for FcvR-mediated 
clearance in suppressing macrophage proinflammatory responses. 
Key words: CD64 • macrophage • interleukin 10 • inflammation • Fc receptors 



Macrophages are prodigious secretory cells which can 
produce a number of molecules that can either po- 
tentiate or dampen immune responses (1). In response to 
infectious or inflammatory stimuli, macrophages can pro- 
duce several proinflammatory molecules, including IL-12, 
TNF-a, IL-6, and IL-1 (1, 2). These proinflammatory 
molecules are important for host defense, because experi- 
mentally infected animals deficient in these cytokines are 
more susceptible to acute bacterial infections than are nor- 
mal animals (3, 4). However, the production of proinflam- 
matory cytokines must be tightly regulated, since their pro- 
duction is also correlated with many of the pathologies 
associated with acute sepsis or with autoimmune diseases. 
Macrophages themselves can participate in this regulation 
by the production of antiinflammatory molecules. The 
secretion of prostaglandins, TGF-|3, and IL-10 by macro- 
phages has been associated with antiinflammatory responses. 
Thus, the balance between the secretion of pro- and anti- 
inflammatory molecules by macrophages is a critical com- 
ponent of the acute phase response and has the potential to 



affect the adaptive immune response that subsequently de- 
velops. 

IL-10 has been associated with the inhibition of Thl - 
type immune responses. IL-10 has been shown to inhibit 
the production of Thl cytokines and to decrease the prolif- 
eration of Thl cells to antigen (5, 6). The administration of 
exogenous IL-10 can diminish the toxicity of LPS (7). IL-10 
has macrophage-deactivating effects and can inhibit the 
production of IL-12 by macrophages (8, 9). It is now well 
established that IL-12 plays an important role in the devel- 
opment of Thl -type immune responses (2). This cytokine 
is a potent inducer of IFN-7 from T and NK cells, and has 
been shown to play a crucial role in the development of 
immunity to intracellular pathogens (10, 11). 

In this study, we examine the production of IL-10 and 
IL-12 by macrophages and the influence that phagocytic 
receptor ligation can exert on this production. We demon- 
strate that the ligation of FC7RI can enhance the produc- 
tion of IL-10, reversing the proinflammatory response of mac- 
rophages to stimuli such as bacteria or bacterial products. 
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Materials and Methods 

Mice and Macrophages. 6-8-wk-old BALB/c and C57BL/6 
mice were obtained from Taconic Farms, Inc. (Germantown, 
NY). FcR 7 chain-deficient (FcRv - ' - ) and Fc-yRII -/ ~ mice 
(12, 13) were provided by Dr. Jeffrey Ravetch (The Rockefeller 
University, New York). Fc^RIII"^ mice (14) were provided by 
Dr. J. Sjef Verbeek (University Hospital Utrecht, Utrecht, The 
Netherlands). Bone marrow-derived macrophages (BMM<}>) were 
established as described previously (15). 

Opsonized Erythrocytes. IgG-opsonized sheep erythrocytes (E-IgG) 
were generated by incubating SRBC (Lampire Biological Labo- 
ratories, Pipersville, PA) with rabbit anti-SRBC IgG (Organon 
Teknika-Cappel, Durham, NC) at nonagglutinating titers for 40 
min at room temperature. E-IgG were washed and resuspended 
in HBSS (GIBCO BRL, Gaithersburg, MD) before their addi- 
tion to macrophages. Complement-opsonized erythrocytes (E- 
C3bi) were generated by incubating SRBC with culture superna- 
tants of hybridoma S-S.3 (anti-SRBC IgM/K; American Type 
Culture Collection, Rockville, MD) at nonagglutinating titers for 
40 min at room temperature. IgM-opsonized erythrocytes were 
washed twice with HBSS and resuspended at 10 8 cells/ml in 
HBSS with 10% murine C5-deficient serum. After a 15-min in- 
cubation at 37°C, E-C3bi were washed and resuspended in HBSS 
before their addition to macrophages. Erythrocytes were added to 
macrophage monolayers at a ratio of 20:1. 

Macrophage Stimulation. BMM<}> monolayers were stimulated 
with LPS {Escherichia coli 0127:B8; Sigma Chemical Co., St. 
Louis, MO) at a final concentration of 100 ng/ml, in the presence 
or absence of opsonized erythrocytes. Cytokine levels in cell su- 
pernatants were measured by ELISA 24 h after the addition of 
stimuli. For mRNA analysis, cells were harvested 6 h after the ad- 
dition of stimuli, and cytokine mRNA levels were determined by 
reverse transcription (RT)-PCR, as described previously (15). In 
some instances, macrophages were stimulated with heat-killed 
bacteria. The Eagan clinical isolate of type b Haemophilus influen- 
zae has been described and characterized previously (16). Organ- 
isms were grown for 3 h at 37°C in brain-heart infusion broth 
(Difco Laboratories Inc., Detroit, MI) supplemented with NAD 
and hemin and then washed twice in HBSS. Bacteria were heat 
killed by incubating at 60°C for 15 min. Bacteria were opsonized 
by incubation with anti-H. influenzae polyserotype antiserum 
(Difco Laboratories Inc.) at a 1:25 dilution for 15 min at room 
temperature. IgG-opsonized or unopsonized bacteria were added 
to monolayers of BMMc(>, at a ratio of 130 bacteria per macro- 
phage. Cytokine levels in cell supernatants were measured by ELISA 
24 h after the addition of bacteria. In some studies, cytokine pro- 
duction induced by LPS or IgG-LPS was examined. IgG-LPS 
was generated by incubating LPS [E. coli 0128:B12, 100 u,g/ml; 
Sigma Chemical Co.) with rabbit anti-LPS polyclonal antiserum 
(Calbiochem-Novabiochem, San Diego, CA) at a 1:1 dilution for 
15 min at 4°C. For in vitro studies, LPS or IgG-LPS was added to 
monolayers of BMM<(> at a final LPS concentration of 100 ng/ml. 
For in vivo challenge studies, recombinase-activating gene 
(RAG)-^- mice (The Jackson Laboratory, Bar Harbor, ME) 
received either IgG-LPS or LPS intravenously (tail vein) at a final 
LPS dose of 4 u,g per mouse. Control LPS was incubated with an 
equal volume of HBSS. Mice were bled by retroorbital puncture 
at the indicated time intervals, and serum cytokine levels were 
determined by ELISA. 

Cytokine ELISAs. Levels of murine cytokines were measured 
by ELISA using appropriately diluted culture supernatants or se- 
rum. IL-10 concentrations were determined with a mouse IL-10 
ELISA kit (Genzyme Corp., Cambridge, MA, or Biosource In- 



ternational, Camarillo, CA) according to the manufacturer's in- 
structions. Murine IL-12(p40) levels were measured with a 
mouse IL-12 ELISA kit (Biosource International) according to 
the manufacturer's instructions. Murine IL-12(p70) levels were 
measured by ELISA using mAbs C18.2 (anti-murine IL-12 p35) 
and C17.15 (biotinylated anti-murine IL-12 p40) as ELISA cap- 
ture and detection antibodies, respectively, according to protocols 
provided by PharMingen (San Diego, CA). Recombinant murine 
IL-12 (Genzyme Corp.) was used as a standard. mAbs C18.2 and 
CI 7. 15 were purified from ascitic fluid provided by Dr. Giorgio 
Trinchieri (The Wistar Institute, Philadelphia, PA). 



Results 

Effect of FcyR Ligation on Macrophage IL-10 Production. 
The production of IL-10 by BMMc|> was examined after 
specific receptor ligation. BMMcJ) were stimulated either 
with LPS alone, or with LPS in the presence of erythro- 
cytes opsonized with either IgG or complement. The addi- 
tion of LPS to monolayers of BMM<(> induced a modest 
but significant production of IL-10 by macrophages. How- 
ever, the ligation of FcyR simultaneously with the addition I 
of LPS enhanced markedly the production of IL-10. This 8 
enhancement was observed at both the mRNA (Fig. 1 A) g. 
and protein (Fig. 1 Q levels. IL-10 mRNA was increased 3 
by four- to eightfold (Fig. 1 Bj , and protein secretion was E. 
increased by greater than sixfold after FC7R ligation (Fig. 1 3 
Q. The induction of IL-10 was specific to the FC7R, be- | 
cause ligation of macrophage complement receptors did <j> 
not significantly alter IL-10 mRNA (Fig. 1 A) or protein g 
(Fig. 1 Q production. The ligation of macrophage FC7R 
or complement receptors in the absence of LPS was not = 
sufficient to induce the production of notable levels of IL-10 » 
(Fig. 1 C, inset). 

Effect of FcyR Ligation on IL-10 Production in Macrophages g 
from Gene Knockout Mice. To determine the FC7R sub- <° 
type responsible for IL-10 upregulation, BMM<|> from gene 
knockout mice were studied. The FcR 7 chain is an essen- 
tial component of both the FC7RI and FC7RIII, and is re- 
quired for both receptor assembly and signaling (12). Mac- 
rophages from mice lacking the common 7 chain (FcR7" /- ) 
failed to upregulate IL-10 production in response to E-IgG 
(Fig. 2), implicating one of these two receptors in this phe- 
nomenon. Macrophages derived from mice lacking either 
the FC7RII or the FC7RIII were fully capable of upregulat- 
ing IL-10 production in response to E-IgG (Fig. 2). These 
results are consistent with the high affinity FC7RI being the 
mediator of IL-10 induction. 

Macrophage-derived IL-10 Can Suppress the Production of 
IL-12. Studies were undertaken to determine whether 
the amount of IL-10 produced by macrophages in response 
to FC7R ligation was adequate to suppress IL-12 produc- 
tion. Macrophages were stimulated with LPS in the pres- 
ence of FC7R ligation for 24 h. Supernatants from these 
monolayers were collected and assayed for their ability to 
inhibit IL-12 production. Monolayers of BMMcj) were 
primed with IFN-7 and then stimulated with LPS in the 
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Figure 1. Fc-yR ligation enhances LPS-induced 
IL-10 production. (A) BMMcj) were exposed to ei- 
ther LPS alone or LPS in combination with either 
E-IgG or E-C3bi. 6 h after the addition of stimuli, 
total RNA was isolated and used to carry out com- 
petitive RT-PCR. Input cDNAs were adjusted to 
yield comparable ratios of competitor (upper band in 
each reaction) to wild-type {lower band in each re- 

hypoxanthine-guanine phosphoribosyltransferase 
' (HPRT), as resolved on a 2% ethidium-stained aga- 
rose gel. The adjusted input cDNAs were then used 
in subsequent RT-PCR reactions using primers for 
IL-10. Results are representative of two separate 
experiments. (Bj cDNA generated from BMMcf) ex- 
posed to LPS or LPS in combination with E-IgG, 
were first normalized for HPRT levels. Constant 
volumes of normalized cDNAs were then ampli- 
fied in the presence of increasing concentrations of 
£ go competitor (PQRSj, using primers for IL-10. The 

- 1 concentration of the experimental cDNA is repre- 

sented by the equivalent intensities of competitor 
and wild-type bands. The fold increase in IL-10 levels between BMM<|> exposed to LPS or LPS in combination with E-IgG can be determined by taking 
the ratio of their equivalence points. (Q BMM<|> were exposed to either media, LPS, E-IgG, or E-C3bi {inset), or LPS alone or LPS in combination with 
either E-IgG or E-C3bi. After 24 h, the supernatant was harvested, and IL-10 levels were determined by ELISA. Values represent the mean of three inde- 
pendent experiments, each performed in triplicate, ±SE. 



HPRT 




presence or absence of a 33% supernatant from LPS/Fc^R- 
stimulated macrophages. 24 h after this stimulation, the 
production of IL-12(p70) was measured by ELISA. The su- 
pernatants from LPS/Fc7R-stimulated BMM<t> reduced 
IL-12(p70) secretion to background levels (Fig. 3). Treat- 
ing these inhibitory supernatants with a neutralizing mAb 
to IL-10 partially restored IL-12(p70) production. These 
results indicate that the IL-10 produced by macrophages af- 




FcyRII -/- 



FcyRID -/- 



Figure 2. FC7RI is responsible for the Fc7R-mediated enhancement of 
IL-10 production. BMM<|> from C57BL/6, FcR7 _/ ~, Fc7RII- / -, or 
Fc7RIII _/_ mice were exposed to LPS alone or LPS in combination with 
either E-IgG or unopsonized erythrocytes (£). After 24 h, the supernatant 
was harvested, and IL-10 levels were determined by ELISA. Determina- 
tions were performed in triplicate, and values are expressed as the means 
± SD. Results ar 



ter LPS/FC7R stimulation is adequate to inhibit the pro- 
duction of IL-12 by IFN-7-primed macrophages. 

Modulating Macrophage Proinflammatory Responses by Ligat- 
ingFcyR. Cytokine production by macrophages in re- 
sponse to potential proinflammatory stimuli was examined 
after FC7R ligation. IL-10 and IL-12(p40) levels were mea- 
sured by ELISA 24 h after the addition of either LPS or 
IgG-opsonized LPS to BMMc|>. As expected, LPS induced 
a potent proinflammatory response by macrophages, char- 
acterized by moderate levels of IL-10 (Fig. 4 A) and high 
levels of IL-12(p40) (Fig. 4 B). In contrast to this, IgG- 
opsonized LPS induced higher levels of IL-10 and only 
modest levels of IL-12(p40). Similar studies were performed 
using the Gram-negative bacterium, H. influenzae. Cyto- 
kine production by macrophages in response to unop- 
sonized heat-killed type b H. influenzae was compared with 
that induced in response to IgG-opsonized heat-killed bac- 



i 



Figure 3. IL-10 produced by 
macrophages stimulated with 
LPS/FC7R can suppress IL-12 
production. Supernatants from 
BMM<)> exposed to either media 
alone or LPS in combination with 
E-IgG for 24 h were harvested 
and filtered through a 0.2-u.m 

1 :3 with media and incubated for 



15 rr 



at 4°C ir 



: absence of a neutralizing 
mAb to IL-10 (JESS-2A5; 20 
u.g/ml). Diluted supernatants were then added to BMMc(> that had been 
primed with IFN-7 (100 U/ml) for 8 h, and immediately treated with 
LPS. After 24 h, the supernatant was harvested, and IL-12(p70) levels 
were determined by ELISA. Values represent the mean of three indepen- 
dent experiments, each performed in triplicate, ±SE. 
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Figure 4. The modulation of 
inflammatory response by FC7R 
ligation. BMM<|> were exposed 
to either media, LPS, or IgG- 
LPS (A and B). After 24 h, the 

IL-IMA) and" IlT2(p40) (B) 
levels were determined by ELISA. 
Determinations were performed 
in triplicate, and values are ex- 
pressed as the means ± SD. Re- 
sults are representative of four sep- 
arate experiments. BMM<j> were 
incubated with media alone or 
with equal numbers of either un- 



innuenzae (C and D). After 24 h, 

and IL-IMQ 1 and' IL-l7(p4oj 
(D) levels were determined by 
ELISA. Determinations were 
performed in triplicate, and val- 
ues are expressed as the means ± 
SD. Results are representative of 
three separate experiments. 



teria. Unopsonized H. influenzae induced the production of 
relatively high levels of both IL-10 (Fig. 4 Q and IL- 
12(p40) (Fig. 4 D). However, IgG-opsonized bacteria in- 
duced a significant decrease in the production of IL-12(p40) 
protein and an increase in the production of IL-10. Thus, 
in both in vitro models, the ligation of FC7R by opsoniza- 
tion with IgG resulted in a reduction in macrophage proin- 
flammatory responses. 

Modulation of In Vivo Responses to Bacterial Endotoxin. 
Studies similar to the in vitro studies performed above were 
repeated in experimental animals. Several groups have 
demonstrated that the administration of LPS to experimen- 
tal animals results in the rapid production of proinflamma- 
tory cytokines (17). Given our in vitro observations, we 
sought to determine whether IgG opsonization of LPS 
could reverse the inflammatory cytokine response to LPS 
in vivo. These studies were performed in RAG-l _/ ~ mice, 
since recent studies have demonstrated that normal mice 
have naturally occurring antibodies to LPS (18). Mice were 
injected with either LPS or IgG-LPS, and the generation of 
cytokines in serum was analyzed over the ensuing 24 h. 
The injection of low levels (4 |xg) of LPS into RAG-l" /_ 
mice induced the transient production of relatively high 
levels of serum IL-12(p40) (Fig. 5 A) and only modest lev- 
els of IL-10 (Fig. 5 B). The observation that RAG-l -/_ 
mice make high amounts of IL-12 in response to low levels 
of LPS is consistent with previous observations that anti- 
body-deficient mice are hypersusceptible to LPS (18). The 
injection of IgG-opsonized LPS into these mice induced an 
alteration in the cytokine profile. RAG-l _/ ~ mice injected 
with IgG-LPS made only modest levels of IL-12 (p40) (Fig. 5 
A), but they more than doubled their production of IL-10 
(Fig. 5 B). This reciprocal alteration in the pattern of cy- 
tokine production suggests that IgG opsonization of LPS 
not only increases the rate of LPS clearance through Fc-yR, 



but in doing so also mediates a desirable effect by dampen- 
ing the proinflammatory response to LPS. 



Discussion 

Monocytes and macrophages are a primary source of IL-12. 
IL-12 is a potent inducer of cell- mediated immune re- 
sponses, and animals lacking IL-12 are invariably more sus- 
ceptible to infections with intracellular pathogens (2). Be- 
cause IL- 1 2 plays such a central role in the development of 
Thl-type immune responses, we have begun to examine 
the regulation of IL-12 production in macrophages. We 
have described previously a mechanism whereby receptor 
ligation can downmodulate IL-12 production by macro- 




Figure 5. Production of IL-12(p40) 
and IL-10 in a murine model of septic 
shock. RAG-l _/_ mice received ei- 
ther LPS or IgG-LPS intravenously at 
a final LPS dose of 4 p,g per mouse. 
Serum levels of IL-12(p40) (A) and IL- 
10 (B) were measured at the indicated 
times after challenge. Data show the 
mean ± SD of groups of four sepa- 
rately handled mice. *P < 0.01, and 
**P < 0.08 (significant by rank-sum 
analysis) versus the LPS-treated group 
as determined by Student's t test. 
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phages (15). In this work, we describe a second novel 
mechanism of downregulating IL-12. This mechanism is dis- 
tinct from the previously described mechanism in several 
important ways. First, the present mechanism is not a direct 
regulation of IL-12 transcription, but rather depends on the 
production of the inhibitory cytokine IL-10. Second, this 
regulation is specific to a single receptor class on macro- 
phages, the FC7RI. We show that ligating the macrophage 
FC7RI increases IL-10 mRNA, resulting in a substantial in- 
crease in IL-10 secretion. This macrophage-derived IL-10 
is a potent inhibitor of IL-12 production by macrophages. 
Even IFN-7-primed macrophages fail to make IL-12 in re- 
sponse to LPS when exposed to macrophage supernatants 
containing IL-10. Thus, the ligation of the macrophage 
FC7RI can downmodulate IL-12 production via a mecha- 
nism that is dependent on macrophage-derived IL-10. 

In identifying the FC7RI as the macrophage receptor 
that upregulates IL-10 production, we can now associate 
distinct biological activities with each of the three FcyR 
classes. CD 16, the FC7RIII, is the prototypical proinflam- 
matory Fc7 receptor. Ligating FC7RIII has been associated 
with the production of proinflammatory cytokines (19), 
and mice lacking FcvRIII undergo diminished Arthus re- 
actions (14). CD32, the FC7RII, is a negative regulator of 
immune complex-triggered immune responses, and mice 
lacking FC7RII have augmented anaphylactic responses to 
IgG (13). Our studies would classify the FC7RI (CD64) as 



another inhibitory FC7R, but by a different mechanism 
than that observed for FC7RII. Whereas FcvRII inhibits 
signaling (20), FC7RI actively promotes the transcription of 
an inhibitory cytokine, IL-10. Thus, by two distinct mech- 
anisms, both the FC7RI and FC7RII can inhibit inflamma- 
tory responses to immune complexes. Previous observa- 
tions that immune complexes can inhibit both the in vivo 
clearance of Listeria monocytogenes (21) and the in vitro mac- 
rophage tumoricidal and cytotoxic activity (22, 23) are 
consistent with FC7R ligation leading to an inhibition of 
immune responses. 

The in vitro studies presented here indicate that FC7RI 
ligation has the potential to dampen the acute response to 
inflammatory stimuli such as LPS or Gram-negative bacte- 
ria. In both cases, opsonization with IgG increased mac- 
rophage IL-10 production and diminished IL-12 produc- 
tion. The prediction from these studies is that bacterial 
clearance in an immune animal may be associated with a 
diminished inflammatory response relative to nonimmune 
animals. Furthermore, targeting LPS specifically to FC7RI 
might be a practical way of eliminating endotoxin without 
the consequent proinflammatory sequelae. The reciprocal 
alteration of IL-10 and IL-12 after FC7R ligation also has 
the potential to exert an impact on the acquired immune 
response, biasing it towards a Th2-type response. The im- 
plication from these studies is that IgG itself may be an im- 
portant promoter of the Th2-type immune response. 
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Since the demonstrations by Bordet and Gen- 
gou that immune reactions inactivate serum < 
complement (CO, this principle has been applied 
in the development of many serodiagnostic ! 
tests (1). Although, in general, C is not fixed • 
by either antigen or immune serum alone, a 
small percentage of heat inactivated (56°C, 30 < 
min) human sera demonstrate anticomplemen- • 
tary activity. Works of Jersild (2) and N0r- 
gaard (3, 4) have related anticomplementary 
activity of these sera to both the degree of hyper- > 
gammaglobulinemia and the extent to which 
sera were heated. Davis et al. demonstrated that < 
normal 7-globulin isolated by electrophoresis ! 
inactivated C, but that reconstitution with ; 
other serum fractions prevented anticomple- 
mentary activity (5). 1 

The observations in the present report derive 
from a study of certain properties of rheumatoid 
arthritis sera. In the majority of such sera, a 
macromolecular complex is formed between a 
7-globulin of the 19S molecular class ("rheuma- 1 
toid factor") and several moles of 7S 7-globulin 
(6). This complex, which has a sedimentation 
constant of approximately 22, reacts in a variety 1 
of serologic systems, i.e., sensitized sheep cell 
agglutination (7), agglutination of Rh sensitized * 
human erythrocytes (8, 9) and absorption onto 1 
immune complexes (10). In addition to the 1 
above systems, all of which utilize as the basis 
for sensitization an immune reaction, there is J 
another class of rheumatoid serologic tests which ' 
is based on a reaction between the "rheumatoid 1 
factor" and some preparations of pooled human 
7-globulin, i.e., F II sheep cell agglutination (11), £ 
F II precipitin reaction (12), and F II latex 1 
fixation tests (13). Recent studies of the F II ] 
sheep cell agglutination and F II precipitin reac- 
tions indicate that the reactive material in Cohn 1 
fraction II 7-globulin (F II) consists of arti- 1 
ficially formed molecular aggregates of 7S i 
112 



7-globulin (6, 14). It was suggested that the re- 
quirement of aggregation in this group of non- 
immune sensitized systems (F II reactions) 
might be simulating the aggregation of antibody 
7-globulin that occurred in the immune sensi- 
tized systems (14). In the course of complement 
fixation studies, it was noted that aggregated 
7-globulin was intensely anticomplementary. 

Evidence will be presented which a) confirms 
the observation that 7-globulin by itself is anti- 
complementary, and b) demonstrates that the 
magnitude of C destruction correlates with the 
degree to which 7-globulin is aggregated. Pre- 
liminary studies suggest that the reaction of 
aggregated 7-globulin with C results in indi- 
vidual component inactivation that resembles 
the inactivation of C by immune reactions. 

MATERIALS AND METHODS 

Commercial pooled human Cohn fraction II 
(E. R. Squibb & Sons) constituted the source of 
7-globulin used in the present study. 

Concentration of aggregated 7-globulin was 
accomplished by fractionating a solution of F II 
which had been heated to 56°C for 30 min with 
sodium sulfate (14). Fractions SSj, SSj, SS 3 , SS 4 , 
SS S and SS 6 were precipitated at molarities of 
sodium sulfate 0.36, 0.62, 0.81, 0.96, 1.08 and 
1.18, respectively. Fractions SSj and SS^ con- 
tained aggregates of 7-globulin, and fractions 
SS 3 to SS 6 were devoid of detectable aggregated 
material. 

Solid 7-globulin was prepared by repeated 
saline washing of saline-insoluble material that 
formed during the process of heating solutions of 
FII. 

Electrophoretic studies were performed by the 
moving boundary technique in a Perkin-Elmer 
model 38 instrument. Eleetrophoretic mobilities 
were determined using veronal buffer, pH 8.6, 
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ionic strength 0.1,nd a expressed as distance 
(cm) X 10 -5 cm 2 volt -1 sec. -1 . 

Sedimentation studies were performed in a 
Spinco model E analytical ultracentrifuge. 

Nitrogen determinations were by the micro 
Kjeldahl technique (Markham) (15). 

Estimation of hemolytic activity of C was 
performed by the method of Mayer et al. (16), 
and expressed as 50% hemolytic units (C'H t0 ). 
Pools of normal guinea pig sera varied between 
200 and 250 C'H 5 o units. Complement reagents 
(treatment of guinea pig sera with heat, Zymosan 
and ammonia) were prepared as described by 
Kabat and Mayer (17). Immune decomplementa- 
tion was accomplished by absorbing 1 ml of 
guinea pig pool with 0.1 mg nitrogen of washed 
immune precipitate (bovine serum albumin 
(BSA)-rabbit anti-BSA formed at equivalence) 
at 0-4°C for 24 hr. Incubation of 1 ml of guinea 
pig sera pool with 0.40 mg of solid 7-globulin 
nitrogen at 0-4°C for 24 hr resulted in inactiva- 




ss, ss 2 ss 3 

Figure 1. Sedimentation studies of fractions 
SSi, SS 2 and SS 3 of Cohn Fraction II. Photographs 
are exposures after 32 min at 47660 rpm. Direction 
of sedimentation noted. The slower sedimenting 
component in each fraction had a sedimentation 
constant of approximately 7. 



TABLE I 

Electrophoretic mobilities of sodium sulfate 
fractions of Cohn F II* ■ 



Fractions 


Electrophoretic Mobility of 
Main Components! 


SS, 
SS 2 


1.89 

1.84 
1.29 


SS< 

SS 5 + SS e 


1.30 
1.40 



* Heated at 56°C for 30min before Fractionation, 
t Measurements from the ascending sides. 



tion of C to the extent that 1 ml of a 1 : 10 dilu- 
tion of the supernatant gave no hemolysis. 

Anticomplementary studies were conducted by 
incubating known amounts of guinea pig C 
with varying amounts of test materials at 0-4°C 
for 18 hr, with subsequent determination of 
C'Hw levels. 

Reconstitution experiments with various C 
depleted reagents were performed by mixing 
1-ml aliquots of paired reagents diluted 1:10. 
Experiments were performed in triplicate so 
that both qualitative and quantitative determi- 
nations of hemolytic activity could be deter- 
mined, i.e., paired reagents which gave complete 




Figure %. Electrophoretic and sedimentation 
patterns of fractions SSj and SS<. The directions 
of sedimentation and electrophoresis are to the 
right. Electrophoresis photographs are of ascend- 
ing limbs after 210 min (see Materials and Meth- 
ods). Sedimentation patterns of SS, and SS 4 were 
exposures after 16 and 32 min, respectively, at 
47660 rpm. 

The nitrogen concentrations of SS, and SSj in 
the electrophoretic studies were 3.4 and 4.1 mg/ml, 
respectively. The minor 7S component in the 
sedimentation study of SS, represented 8% of the 
total fraction (estimated by planimetry with 
correction for the sector-shaped centrifuge cell). 
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hemolysis were diluted and different aliquots 
taken for C'H 60 levels. 



Sedimentation studies. Figure 1 illustrates 
sedimentation patterns of fractions SSj, SS 2 and 
SS 3 . Fractions SSi and SS 2 demonstrate com- 
ponents with sedimentation constants greater 
than 7. In the present study, absolute S 20 values 
were not determined. In previous experiments, 

TABLE II 

Comparison of anticomplementary properties of 
Cohn F II and sodium sulfate fractions of 
Cohn F II* 



24.2 



* Incubations were 18 hr at 0-4°C, each tube 
containing guinea pig serum diluted 1:10. In the 
control tube, containing only serum, 16 C'H S0 
units remained after 18 hr. 



the sedimentation constants for the heavy com- 
ponents in fractions SSi and SS 2 were 40 and 30, 
respectively, (14). It should be emphasized that 
aggregates are polydispersed, and that there is 
no evidence that such materials are present as 
such in unaltered sera. There is every indication 
that aggregation occurs in the process of com- 
mercial fractionation of sera or as a result of 
purposeful denaturation, i.e., heat in the present 
study. In the author's experience, electrophoreti- 
cally isolated 7-globulin does not contain de- 
tectable aggregated material. 

Electroplwretic studies. Table I summarizes 
electrophoretic mobility data. In several de- 
terminations, the main components of fractions 
SS, and SS2 migrated slightly faster than the 
fractions that did not contain aggregates (SS 3 , 

>4, and SSs-SS 6 ), and formed sharper boundaries 
than nonaggregated 7-globulin. Minor com- 
ponents in some preparations of SSi and SS 2 
had mobilities in the range of 1.0 to 1.3. Electro- 
phoretic and sedimentation studies of SSi and 
SS< are shown in Figure 2. When fractions SSi 
and SSi! were mixed, the sharp electrophoretic 
boundary formed by the aggregated fraction 
migrates faster than the peak of the broad com- 
ponent in fraction SS 4 . The small 7S component 
in the sedimentation pattern of this particular 
preparation of SS, represented 8% of the total 
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TABLE III 

n mixing of guinea pig s< 



Treatment of 


Expected C 


Tube Numbers 


Guinea Pig Serum* 


C B" 1 






3 




s 






8 




10 


Absorbed with solid 7- 
globulin 


? 


1 ml 


1 ml 


1 ml 


1 ml 














Heated 56°C 30 min. . . . 


C 1 and 


1 ml 




1 ml 


1 ml 


1 ml 








Absorbed with Zymosan 

Ammonia-treated 

Absorbed with antigen- 
antibody 


2 

C 3 
C'4 

C 1, 2 




1 ml 


1 ml 


1 ml 


1 ml 


1 ml 


1 ml 


1 ml 
1 ml 


1 ml 
1 ml 


1 ml 
1 ml 




and 4 




















O.D. 550 




0.070 


0.550 


0.500 


0.040 


0.560 


0-560 


0.040 


0.555 


0.560 


0.510 


Hemolysis (%) 




<10 


100 


90 


<10 


100 


100 


<10 


100 


100 


90 


Quantitative estimation 
of C 50% units 




<1 


3.5 


2 


<1 


12 


20 


<1 


10 


4 


2 



* All guinea pig serum reagents were diluted 1:10 after treatment. One-milliliter aliquots alone 
showed no hemolysis and were not anticomplementary when tested with 2 C'H 60 units of guinea pig 
pool. 
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fraction, an amount insufficient for resolution in 
the electrophoretic study. 

Anticomplementary studies. Table II compares 
the relative anticomplementary properties of five 
different fractions of -/-globulin. Fraction SS 4 
demonstrates inactivation of 16 C'H 5 o units at a 
nitrogen level of 24.2 mg, which was over 2000 
times the amount of fraction SSj required for 
comparable C inactivation. 

Reconstitviion of C reagents. Table III sum- 
marizes an experiment in which paired 1.0-ml 
aliquots of five reagents were mixed and resultant 
CH50 levels determined. As outlined in Materials 
and Methods, quantitative C'H 5 o determinations 
were performed on paired reagents which demon- 
strated complete hemolysis. Guinea pig serum 
absorbed with solid 7-globulin demonstrated 
some repletion of hemolytic activity when added 
to Zymosan and ammonia-treated reagents, but 
no hemolytic activity when added to guinea pig 
serum decomplemented by heat or absorption 
with immune precipitate. Comparisons of C'H E o 
levels of paired reagents is summarized in Table 
IV. The only two reagents which give equivalent 
hemolytic activity when added to the other three 
reagents were the immune precipitate and solid 
7-globulin absorbed sera. 

Results similar to the above were obtained in 
experiments utilizing guinea pig serum depleted 
of hemolytically active C by the addition of 
soluble aggregated 7-globulin, i.e., fraction SS 2 
instead of solid 7-globulin. The latter method 



TABLE IV 

Comparisons of hemolytic activity {C'H ia units) of 
paired complement reagents* 







Solid 7- 
Globu'.m 


E^c" 1 




Zymo- 

Ab- 
sorbcd 


Immune pre- 












cipitate 












absorbed. . . 




<1 


<1 


2 


4 


Solid 












•y-globulin 












absorbed.. . 


<1 




<1 




3.5 


Heated 56°C. 


<1 


<1 




20 


12 


Ammonia- 












treated .... 


2 


2 


20 




10 


Zymosan- 












absorbed. . . 


4 


3.5 


12 


10 





* Summary of data in Table III. 



was favored, since it avoided the risk of making 
the depleted reagent anticomplementary. 

DISCUSSION 

The phenomena herein reported, i.e., aggrega- 
tion of 7-globulin with heat and subsequent 
inactivation of C, are probably the basis for 
anticomplementary properties of some human 
sera. Complement inactivation of such sera is 
related to the concentration of 7-globulin and 
the extent to which sera are heated (2, 3, 4). 
(Maximum anticomplementary effect is obtained 
at temperatures between 52° and 62°C. Sera de- 
complemented by means other than heat are not 
anticomplementary.) Sera of patients with 
multiple myeloma comprise the majority of these 
sera; indeed, the finding of anticomplementary 
properties has been cited as presumptive evidence 
of myelomatosis (18). Bloom et al. have described 
a case in which anticomplementary activity of 
heated sera preceded the clinical onset of multiple 
myeloma by 17 years (19). N0rgaard has offered 
indirect evidence that the destruction of C by 
heated hypergammaglobulinemic sera is re- 
lated to the formation of molecular aggregates 
(20) and that the specific component of C that 
is inactivated may be the second component 
(C'2) (21). The C studies in the present report, 
although subject to limitations, suggest that 
more than C' 2 is inactivated by aggregated 7- 
globulin. (The preparation of C reagents con- 
formed to current practice but there is general 
doubt as to the absolute specificity of these 
methods.) Since ammonia-treated serum (R4) 
showed good repletion of hemolytic activity when 
added to Zymosan-treated serum (R3) and 
heated serum (Rl, 2) but negligible repletion 
when added to solid 7-globulin absorbed serum, 
C'4 appears to be lacking in the latter reagent. 
C'i, C' 2 , or both, are probably inactivated in 
solid 7-globulin absorbed serum since its combi- 
nation with heated serum did not result in 
hemolysis. The relatively poor repletion of hemo- 
lytic activity achieved with Zymosan absorbed 
serum may reflect the limited concentration of 
C' 3 in guinea pig serum (22). The final interpreta- 
tion of the limited data suggests that absorption 
with solid 7-globulin renders guinea pig serum 
deficient in C'i, 4 ; d, i( <; or C' 2 , 4 . Marcus 
recently presented evidence that serum treated 
with human 7-globulin coated bentonite particles 
is deficient in C'i and d (23). The similarity 
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between C component destruction by aggre- 
gated 7-globulin and immune aggregates offers 
basis for speculation as to the way in which C 
participates in immune reactions. Heidelberger 
et al, in a discussion of this, suggested the possi- 
bility that antibody 7-globulin might reversibly 
combine with C in the absence of antigen; ir- 
reversible binding of C being dependent on the 
aggregation of antibody with its related antigen 
(24). These authors stated, "It is conceivable 
that C'i would unite with equal firmness with 
normal 7-globulin were there a means of bringing 
sufficient number of such molecules into suitable 
apposition and holding them there." The C 
inactivating properties of physically aggregated 
7-globulin would appear, in part, to fulfill this 
speculation. 

The type of chemical bonds responsible for 
aggregation of 7-globulin by heat is not known. 
Aggregates once formed are not dissociated by 
treatment with concentrated urea or acid solu- 
tions (pH 3 to 4). Since aggregated 7-globulin 
demonstrated slightly faster electrophoretic mi- 
gration than nonaggregated material (Table I), 
the aggregates presumably earry a different net 
charge. 

Acknowledgment. The author is indebted to 
Mr. Thomas Hayes and Mrs. Gwendolyn Linker 
for technical assistance and to Dr. Charles 
Ragan for advice and criticism. 

SUMMARY 

Molecular aggregation occurs when solutions 
of 7-globulin are heated to 56°C. Aggregated 
7-globulin, when concentrated by salt fractiona- 
tion, demonstrated marked anticomplementary 
properties. Preliminary C studies suggested 
that absorption of guinea pig serum with solid 
7-globulin resulted in C component destruction 
that resembled C inactivation by immune 
systems. 

ADDENDUM 

The technique of Mayer and Levine for step- 
wise addition of C components to sensitized cells 
(J. Immunol., 75: 435, 443, 1954) demonstrated 
that guinea pig serum treated with soluble aggre- 
gated gamma globulin lysed cells which had 
reacted with C'i, 4, 2 (EAC'i, «, 2) but not with 
cells which had reacted with d, 4 (EAC'i, «). 



This suggests that inactivation of C by aggre- 
gated gamma globulin involves destruction of 
Ci , C2 and Ci . 
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In Part I of the present investigations, the 
anticomplementary property of human -y-globu- 
lin 1 (HGG) was related to the extent to which 
molecular aggregation was present (1). Comple- 
ment (O studies suggested that guinea pig 
serum absorbed with a saline-insoluble prepara- 
tion of HGG was devoid of hemolytic activity 
and that the inactivation of C components was 
similar to the inactivation of C by immune 
precipitates. 

The present report concerns studies of the 
action of aggregated HGG in vivo. Intracutane- 
ous injection of aggregated HGG in the guinea 
pig, rat and man produced inflammation. This 
property was minimal or absent when nonaggre- 
gated HGG was injected. Intravenous injection 
of aggregated HGG in guinea pigs rendered the 
sera of recipient animals deficient in hemolyti- 
cally active C' for a period of several hours. 

MATERIALS AND METHODS 

Commercial pooled human Cohn fraction II 
(F II) which was supplied by E. R. Squibb & 
Sons, constituted the source of HGG. Solutions 
of F II in isotonic saline were sterilized by pas- 
sage through a Seitz filter, heated for 30 min in 
a 56°C water bath, and then fractionated by 
precipitation with sodium sulfate (1, 2). Pre- 
cipitated materials were redissolved in isotonic 
saline containing Merthiolate in a final concen- 
tration of 0.01%. Sterility of all preparations was 
verified by inoculations into liquid thioglycolate 
media (Difco) enriched with glucose (0.15%). 
For the purpose of the present study, fractions 
SS! and SS 2 were pooled as a source of aggregated 
HGG, and fractions SS 3 to SS 6 were combined 
as a source of HGG that was free of detectable 
aggregates. 

Nitrogen determinations were by the micro- 
Kjeldahl technique (3). 

» We are indebted to the Red Cross Blood Pro- 
gram for supplies of -y-globulin. 



Serum C levels were estimated by the method 
of Mayer et al. and expressed as 50% hemolytic 
units (C'H 6 o units) (4) (method summarized in 
Reference 5). 

Skin responses, a) Histologic studies were per- 
formed in rats and guinea pigs which received 
intracutaneous injections. At different intervals 
thereafter, injection sites were incised, fixed in 
Bouin's solution, imbedded in paraffin, sectioned 
and stained with hematoxylin and eosin. b) 
Human volunteers received intracutaneous in- 

TABLE I 

Histologic skin reactions resulting from intracu- 
taneous injection of 0.5 mg (nitrogen) of fractions 
SSi + SS 2 and SS* to SSe in guinea pigs* 



Material Injected 


Time of 




Des intlt 


f Cellular 


Number 


P JT" 


Mono- 
nuclear 


SS, + SS* 


6hr 


1 


+++ 


0 


(aggregated 




2 


+++ 


0 


Y-globulin) 


24 hr 


3 


+++ 


++ 






4 


++++ 


++++ 




48 hr 


5 


++ 


+ 






6 


0 


0 






7 


++ 


++ 






8 


++ 


++ 




7 days 


9 


0 


+ 


SS, to SS 6 


6hr 


10 


+ 


0 


(nonaggre- 




11 


+ 


0 


gated 7-glob- 


24 hr 


12 


+ 


+ 


ulin) 




13 


0 


0 




48 hr 


14 


0 


0 






15 


+ 


+ 




5 days 


16 


0 


0 






17 


0 


0 




7 days 


18 


0 


0 



* Volume of injection 0.1 ml. 
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Figure 1. Photomicrographs of guinea pig skin sections 24 hr after injection of 0.5 mg (nitrogen) of 
fraction SSi + SS 2 . (A, left) Magnification X 61; (£, right) magnification X 210. 



jections of varying quantities of aggregated HGG 
(SS, + SS 2 ) and nonaggregated HGG (SS, to 
SS 6 ). Observations were made at intervals re- 
garding swelling, erythema and tenderness, c) 
Skin reactions were studied in guinea pigs with 
a modification of the dye technique of Ovary (6). 
Guinea pigs weighing 200-250 g were given an 
intravenous injection of 0.5 ml of 1 % Evans blue 
in isotonic saline, followed by intracutaneous 
injections of varying amounts of test materials. 
After 30 min, the animals were sacrificed and 
the injection sites examined for the diameter 
and intensity of bluing. 



Intracutaneous injections of human y-globulin. 
Intracutaneous injection of aggregated HGG 
(SSi + SS 2 ) in rats and guinea pigs produced an 
elevated plaque which appeared after a few hours, 
persisted several days and was maximal at about 
24 hr after injection. Similar injections of non- 
aggregated HGG (SS 3 -SS 6 ) did not result in 
gross lesions. Table I summarizes histologic 
findings in skin biopsies of injection sites in guinea 
pigs receiving equal quantities of SS t + SS 2 and 
SS 3 to SS 6 intracutaneously. Intense polymorpho- 



TABLE II 



Skin response in guinea pigs given Evan blue (i.v.) 
and test materials inlraculaneously 





Quantity^ (mg N2) 
cutaneously 


Average Diameter (mm) of 
Bluing 30 min After In- 
jection (Avenge of Four 


SS, + SSi 


0.3 


12.5* (range 10-15) 




0.15 


11.5* (range 10-12) 




0.075 


6.0 (range 5-10) 




0.038 


5.0 


SS 5 to SS, 


0.3 


5.0 




0.15 


5.0 




0.075 


5.0 




0.038 


5.0 


Saline 




5.0 



* Intense blue coloration as opposed to faint 
bluing in others. 



nuclear leukocytic infiltrations were noted in the 
dermis of SSi + SS 2 injected sites. This change 
was present 6 hr after injection, but was maximal 
in the 24-hr specimens at which time mononuclear 
cells were abundant. (Photomicrographs of in- 
jection sites after 24 hr are shown in Figure 1.) 



Skin responses in h 
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TABLE III 

nan subjects to intracutaneous injections of fractions SSi + SS, and SS, to SS, 
5mg N t in 0.1 ml) 



Subject 




10 






Ihr 


2hr 


24 hr 




Swelling 


Erythema 




Erythema 


Swelling 




Swelling 


Erythema 




Erythema 


c. c. 


ss x + ss, 


16* 


16 


18 


18 


20 


20 


35f 


35 


ot 


30 (faint) 




SS, to SS, 


8 


0 


5 


0 


0 


0 


0 


0 


0 


0 




Saline 


5 


0 


0 


0 


0 


0 


0 


0 


0 


0 


C. R. 


SS, + SS, 


12 


32 


12 


32 


12 


22 


lot 


10 


5t 


10 (faint) 




SS, to SS« 


5 


0 


S 


0 


5 


0 


0 


0 


0 


0 




Saline 


5 


0 


5 


0 


5 


0 


0 


0 


0 


0 


R. K. 


SSi + SS, 


6 


SO 


10 


30 


10 


20 


6t 


6 


5t 


0 




SS, to SS, 


5 


0 


5 


0 


5 


0 


0 


0 


0 


0 




Saline 


5 


0 


5 


0 


5 


0 


0 


0 


0 


0 



* Numbers indicate the average diameters of reactions in mm. 
t Tenderness associated with swelling. 
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40 
MIN. 


120 
MIN. 


6 

HOURS 


24 
HOURS 


48 
HOURS 



TABLE IV 

Serum C'H, 0 levels at intervals subsequent to intra- 
venous administration of fractions SSi + SS 2 and 
SS t to SS t to guinea pigs 



Figure 2. Serum C'BUo levels in guinea pigs 
given aggregated human -/-globulin (SSi + SS, 
2.5 mg N,) intravenously. Numbers of individual 
e indicated. 



Fraction 


rw 


Serum Complement (CHio) Levels 


tityln"- 
jKted 


Ihr 


3hr 


6hr 


24 hr 


SS,+ 

ss, 


5.0 


<5* 


10 

(range 
<5-32) 


44 
(range 
30-65) 


135 
(range 
100-150) 


SS,to 
SS, 


5.0 


140 
(range 
135-157) 


160 
(range 
144-170) 


166 
(range 
150-175) 


170 
(range 
162-180) 



Aside from venous and capillary distention, vas- 
cular abnormalities were not noted. Slight poly- 
morphonuclear and mononuclear infiltrates were 
noted in about one-half of the animals injected 
with nonaggregated HGG (SS, to SS t ). 

Although immediate skin reactions were not 
visible grossly, the dye technique (Table II) 
demonstrated an increase in vascular permea- 
bility 30 min after cutaneous injections of SSi 
+ SS 2 . Equivalent amounts of SS, to SS, did not 
result in more extravasation of dye than did 
isotonic saline. 

Intracutaneous injections of SSi + SS, into 
human volunteers produced marked swelling and 



* Figures represent the average of four animals. 

erythema. These changes, which are summarized 
in Table III, appeared within 10 min after injec- 
tion and were not accompanied by wheal reac- 
tions. Tenderness was maximal after a few hours 
but persisted beyond 24 hr. Injections of SS 3 to 
SS, into the skin of the same volunteers did not 
result in significant changes. 

Intravenous injection of HGG. Figure 2 illus- 
trates the changes in serum complement (C'EUo 
units) of guinea pigs receiving 2.5 mg of SSi + 
SS, nitrogen intravenously. CH 60 levels were 
below 50 units during the first 2 hr and did not 
return to normal range until 48 hr had elapsed. 
Although a small percentage of animals demon- 
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strated anaphylacticlike signs, the majority of 
them showed no ill effects. Table IV summarizes 
an experiment in which 5.0 mg (nitrogen) of 
SSi + SS 2 and SS 3 to SS 6 were administered intra- 
venously to two groups of guinea pigs. Marked 
depression of hemolytically active C persisted 
for at least 6 hr in the animals receiving SSi + 
SS 2 . 

DISCUSSION 

Certain properties of aggregated HGG (SSi + 
SSj in the present study) resembled properties of 
immune complexes: a) inactivation of C both 
in vitro and in vivo, b) cutaneous reactions (7, 8, 
9), and c) reaction with the "rheumatoid factor" 
(10, 11). Two questions raised by the above are 
a) "do similar chemical and enzymatic changes 
mediate the tissue response to both immune 
aggregates and -/-globulin aggregated by heat?" 
and b) "what role does C play in these re- 
sponses?" Neither question can be answered at 
the present time, but a considerable fund of in- 
direct information suggests that C is in part re- 
sponsible for the tissue responses of hypersensi- 
tivity (12, 13). In general, the anaphylactogenic 
property of various animal antisera correlates 
with the ability of the sera to fix C with related 
antigens. Humphrey and Jaques have demon- 
strated that a heat labile serum factor and cal- 
cium are required for the immune release of 
histamine from rabbit platelets (14). Immune 
hemolysis, i.e., lysis of erythrocytes by antibody 
and C, has been cited as a model of hypersensi- 
tivity (12). Although hemolysin alone does not 
alter erythrocyte morphology, the addition of 
small amounts of C results in disruption of sensi- 
tized cells. It is tempting to relate this type of 
tissue damage to the enzymatic properties of C 
(esterase activity of activated C'l (15-18) and 
proteases associated with C action (19-21)). 

The lowered serum C levels in serum sickness 
and glomerulonephritis (both human and experi- 
mental) give no indication of any pathogenetic 
role of C. The most direct evidence of such a 
role derives from the work of Bier and Osier and 
others who demonstrated that passive cutaneous 
anaphylaxis in rats is modified by decomplemen- 
tation with an unrelated immune system (22, 23). 
Preliminary experiments of the author have 
demonstrated that prior injection of a decomple- 
menting dose of SSi + SS 2 into guinea pigs pro- 



tects against passive systemic anaphylaxis. These 
observations have not been sufficiently controlled 
to justify the conclusion that protection was 
mediated via lowered C rather than some other 
effect of the ao!ministered foreign protein. 
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ST7MMAKY 

Injection of aggregated human -y-globulin into 
the skin of guinea pig, rat and man produced in-, 
flammatory changes. Histologically, the injection 
sites of guinea pigs and rats demonstrated marked 
polymorphonuclear and mononuclear infiltrations 
that were maximal at about 24 hr. 

Intravenous administration of aggregated 
human 7-globulin, which is strikingly anticom- 
plementary in vitro, rendered the sera of recipient 
animals deficient in hemolytically active C for 
several hours. 
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INTRODUCTION 



In diagnostic immunology, heating of serum at 56°C 
for 30 min has become a well established method for 
inactivating complement and removal of heat labile 
anticomplementary activity (Kwapinsky, 1972; Soltis 
et al., 1979). This procedure usually does not 
influence the antibody activity or the other main 
biological properties of the immunoglobulins. On the 
other hand, heating of IgG in isolated form at 56°C 
leads to aggregation of the molecules and heating to 
63°C for 15 min is a widely used method to produce 
soluble IgG aggregates. These aggregates possess 
many biological properties similar to 
antigen-antibody complexes: they fix complement, 
bind to macrophages, and can induce an Arthus 
reaction (Christian, 1960). They are therefore widely 
used as reactants for rheumatoid factor and as stan-r 
dards in various methods for immuno-complex assay 
(Frommhagen and Fudenberg, 1962; Ishizaka and 
Ishizaka, 1960; Henney and Stanworth, 4965; 
Augener and Grey, 1970; Nielsen and Svehag, 1976). 

The temperature stability of IgG, the structure of 
the aggregates, and the mechanisms by which they 
form has been studied by several authors. (James et 
al, 1964; Augener and Grey, 1970; Hansson, 1968; 
Oreskes and Mandel 1979, 1981, 1983; ZaVyalov et 
al., 1975; McCarthy et al., l9Z\a,b). The most 
common techniques in these studies have been 
analysis of hydrodynamic properties by gel filtration 
and ultracentrifugation. However, also light absorp- 
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tion, optical rotary dispersion, circular dichroism, 
thermal perturbation difference spectroscopy, solvent 
perturbation difference spectroscopy and difference 
adiabatic scanning microcalorimetry have given 
valuable information. When heated to about 60°C at 
low ionic strength, normal IgG forms soluble aggre- 
gates with sedimentation coefficients between 9.5 and 
100 S, corresponding to mol. wts from 3 x 10 s to 
5 x 10 7 (Oreskes and Mandel, 1983). The tendency of 
IgG to aggregate when heated is not appreciably 
altered by the addition of 0.3MNaCl, but in 
2 M NaCl, no aggregation occurs (Frommhagen and 
Fudenberg, 1962). Also in the presence of serum 
albumin the aggregation processes are suppressed 
(Soltis et al., 1979). 

We have studied the kinetics of IgG heat aggre- 
gation by photon correlation spectroscopy. This tech- 
nique measures the effective hydrodynamic radius 
<#> of the aggregates in solution. In conjunction 
with measurements of the scattered intensity </>, 
quite detailed information about the aggregation 
kinetics may be obtained. The method has been 
extensively described and reviewed in the literature 
(Berne and Pecora, 1976; Cummins, 1974; Chen et at., 
1981). 

MATERIALS AND METHODS 

Materials 

Monomeric IgG was prepared from pooled human 
immunoglobulin G (Gammaglobulin Kabi 16%, AB 
Kabi, Stockholm, Sweden), by gel filtration on a 
Sephacryt S 300 superfine column. Gammaglobulin 
Kabi contains at least 97% IgG. Samples of Gam- 
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maglobulin Kabi were eluted by a Tris-HCJ buffer 
at pH = 7.6 (0.05 M Tris-HCl; 0.2AfNaCi; 2mM 
EDTA; 0.02% NaN 3 ). From the monomeric frac- 
tions, samples were collected and passed through a 
0.22 jum Millipore filter into thoroughly cleaned cy- 
lindrical glass cells. Four series of monomeric IgG 
with different concns (2,4,8 and 16mg/ml) were 
prepared. The more cone, series were prepared by 
ultrafiltration in collodion bags. The protein concn was 
determined by OD measurements (Ej* = 14.0 at 
280 nm). Our results from dynamic light scattering 
demonstrated that the material was a monodisperse 
solution of molecules with an effective hydrodynamic 
radius R of 55.1 ± 0.3 A. Eventually contamination 
with higher aggregates of IgG could easily be detected 
and such preparations were not used in the aggre- 
gation experiments. 

A solution of monomeric ferritin molecules, for use 
as a reference standard, was prepared by gel filtration 
of horse spleen ferritin (Koch-Light, Colnbrooks, 
U.K.) on a Sepharose 6B column in the same buffer 
as above. 

Dynamic light scattering 

The light scattering experiments were done using a 
Malvern spectrometer (RR102). A He-Ne laser 
(Spectra Physics 124B) was used as a light source with 
the beam focused in the scattering cell. The scattered 
light was detected by the spectrometer photo- 
multiplier and a digital correlator was used to mea- 
sure the photocount correlation function from which 
the effective hydrodynamic radius <J?> of the aggre- 
gating system can be obtained. The correlator was a 
128 channel single clipped correlator built in this 
laboratory based on a design by Chen et al. (1975). 
A detailed description of the experimental design and 
the data analysis are given by J/zrssang et al. (1985). 

We have tried to fit data with up to n = 3 com- 
ponents. We find, however, that with our low scatter- 
ing intensities only fits with just one exponential give 
reliable results. We therefore take G, the photon 
correlation function decay rate, to give our best 
estimate of We then evaluate the effective 

hydrodyanmic radius using the relation: 

{Ry^kTQ^emjG, (1) 
Q = (4rai jX ) sin 9 /2 is the magnitude of the scatter- 
ing vector, where n is the refractive index of solution, 
X is the wavelength of the laser, 6 is the scattering 
angle and n is the solvent viscosity. Our standard 
scattering angle was 8 = 50.0°. 

The samples, about 1 ml of solution, were filled 
into 10 mm diameter test tubes of Pyrex glass, which 
were used for scattering cells. The sample tubes were 
surrounded by a water bath for temp control and left 
undisturbed during the whole experiment. Tem- 
perature was controlled using an analog temp con- 
troller built in this laboratory. The temp stability was 
better than ±0.1°C in the full range of temps used in 
our experiments. In the aggregation experiments the 



desired temperature was first set and then the test 
tube with the sample was placed in the spectrometer. 
The temp of the sample increases rapidly and after 
about 1 min it reaches the bath temp. However, some 
convection in the scattering vol occasionally persists 
for several minutes. The data were corrected for 
temperature and concentration changes in viscosity 
and refractive index as described by Jassang et al. 
(1985). 

In order to check the performance and calibration 
of our system we have measured <K> for spherical 
scatters as a function of scattering angle and temp. By 
scattering from a dilute solution of polystyrene latex 
spheres (R = 54.5 nm) we find that the measured 
<i?> = (55.0 ± 0.5) nm independent of scattering 
angle in the range 6=30-150°. 

In order to have a calibration sample with spherical 
.scatters of dimension close to those of IgG monomers 
' we studied the scattering from monomeric ferritin. It 
was found that ferritin, an iron storage protein, is an 
unusually stable spherical protein. A 1 mg/ml 
solution in our standard Tris-HCl buffer is stable in 
the laboratory even at room temp for years. At room 
temp we find that <R} = (6.9 ± 0.1) nm for all 
scattering angles between 30 and 150°. We conclude 
that unless we find this value for our ferritin 
standard, the spectrometer is out of alignment or 
unwanted reflections enter the detector. 

RESULTS 

Gel filtration 

The heat-aggregation process was analyzed by 
analytical gel filtration on a Bio-Gel A-5m column. 
Heating at 59°C for 30 min results mainly in the 
formation of smaller aggregates as shown in Fig. 1(a). 
The amount of these oligomers decreased with in- 
creasing time, while the amount of higher polymers 
increased. After 6 hr heating at 62°C dimers were no 
longer detected by gel filtration while the amount of 
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polymers was high. A substantial amount of un- 
agg regated monomers remains, Fig. 1(b). This frac- 
tion of monomers that do not participate in the 
ag g r6 gation process we designate "the heat stable 
fraction" (H-fraction). We estimate that approx. 
50% of the monomers belong to the H-fraction. 

Dynamic light scattering 

Irreversible aggregation and thermal expansion. The 
polymer and monomer samples separated by gel 
filtration were studied separately by dynamic light 
scattering. The H-fraction had an effective hydro- 
dynamic radius of R = 5.83 nra, slightly larger than 
that of the starting material at the same concn 
(R = 5.68 nm). The polymer peak in Fig. 1(b) con- 
tained particles with an average <#> in the range • 
160-210 nm. After storage for 10 days at room temp 
these aggregates were rechromatographed. Only 
traces of monomers were detected, indicating that the 
aggregation was mainly irreversible. 

The effect of heating a sample of IgG at 8 mg/ml 
to 53°C can be seen in Fig. 2. The effective hydro- 
dynamic radius <i?> and the scattering intensity </> 
both increased with time. After 20 hr at 53°C, the 
heater was turned off and the system cooled to 23°C 
in a few hours. As the system cooled the scattering 
intensity remained unchanged, whereas the radius 
(R) decreased from approx. 19 to 16 nm, and then 
remained constant. After about 75 hr from the initial 
heating the system was reheated to 39°C, the radius 
<.R> increased to a new constant value, but the 
scattering intensity remained unchanged. Finally the 
sample was heated to 53°C and both </?> and </> 
started to increase with time again as the aggregation 
process proceeded from where it was stopped by the 
first cooling step. 
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effective Ijydrodynamic radius </?> of IgG 
i A + , and the scattering intensity </> in 
ts A, as a function of time. The temperalure 
record / is given by • in V. 
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Fig. 3. The effective hydrodynamic radius <JJ> as a function 
of time for a 15.4 mg/ml sample of monomeric IgG at 

The time dependence of <R>. As the monomer 
solution of IgG- was heated, aggregation started and 
the effective hydrodynamic radius <i?> increased 
with time as shown in Fig. 3(a), the growth rate of 
<J?> exhibited a very strong temp dependence. At 
39°C, no aggregation was observed even after 80 hr. 
At 47°C the aggregation process had started, and at 
62°C, very large clusters formed within an hour. The 
shape of the <i?> (/) curves are very similar to those 
predicted for Smoluchowski aggregation (Smol- 
uchowski, 1917). We therefore tried to fit the data at 
various conens and temps to the form 

(l+r«C)-. (2) 
Here we take J?o to be the monomer radius as 
measured before the sample is heated. It was found 
that a R = 0.50 ± 0.06, fits most of our data very well. 
In order to obtain the best estimates of the growth 
rate constant r K as a function of temp and concn, a 
was taken to be 0.5, and fitted the observed (R >(f ) 




Fig. 4. The reduced cluster radius <.R>/-Ro as a function of 
reduced time t =Tr at IgG conens of 1.9, 4.1, 8.0 and 
15.4 mg/ml. The aggregation temperatures are 47.3°C«, 
52.9°C A, 55.6°C +, 58.9°C ■ and 61.7°C ♦. 



MJ.M.M. 24/J-G 



Emar Rosenqvist el al. 



r 

ml i~ 

I 




with the expression (2) again and obtained 
a = 0.48 ± 0.05. This value of the radius exponent, 
unfortunately, does not determine the cluster 
exponent denned by R/Ik = i", since approx. 50% 0 f 
the monomers do not participate in the aggregation 
process. The non-participating fraction c as 0.5 ^ 
been determined by gel filtration and ultra- 
centrifugation of samples that were held at 63°C for 
6hr. As shown by Jassang et al. (1985), the cluster 
exponent /? is estimated by 

/}=(«- 0.01 5)/l .2 = 0.39. 

The time dependence of <1>. The scattering i n - 
tensity grows linearly with time as seen in Pig. 5 
for 1.9mg/rnl samples. The rate of intensity increase 
is sWsngly temp dependent, and we determined the 
intensity growth rate T as a function of temp T, and 
■x concn C by fitting the expression 



Fig. 5. The reduced scattering intensity //7„ as a function of 
time for a 1.9mg/ml sample of monomenc IgO at vanous 



curves with T R as the only free parameter. With the 
radius growth rate constants T R {C, T) determined by 
our fits to the data, we defined a reduced dimen- 
sionless time scale z = r R {C,T)t for each of the 
aggregation experiments. With this new time scale we 
obtained plots of <i?>/*o as a function of x as shown 
in Fig. 4. 

This way of plotting the results gives a very 
satisfactory data collapse, and within some experi- 
mental scatter all our results at concns of 1.9. 4.1, 8_0 
and 15.4mg/ml and temps of approximately 47, 5 3, 
56 59 and 62°C fall on a universal curve. We 
therefore conclude that the aggregation process pro- 
ceeds with the power-law behavior of equation (2) 
characteristic of Smoluchowski aggregation kinetics. 
In order to get a more precise value for the radius 
growth exponent all the data in Fig. 4 was fitted 




Fie 6 Arrhenius plot of the radius growth rate r„ as 
toctL of inverse temp for IgG monomer solutions t 
• 1.9, B4.1, A8-0 and 15.4Vmg/mL 



</>/fo = '+'V (3) 
to the data. Here J 0 is the intensity of the monomer 
solution before the heating process. In the same way 
as for <*> a complete data collapse is obtained by 
introducing a scaled time y = JV to the data. Since 
the intensities grow linearly with time all the relevant 
information is contained in the 
r,{C, T) as discussed in the next section. 
Temp and concn dependence of the rate c 

The radius growth rate constant T R increases ex- 
ponentially with temp in a way characteristic of 
activated processes. In the Arrhenius plot of the 
growth rate constant (Fig. 6), we have also shown the 
fits of the form 

r„(D - r% exp (- 6H*IR{\iT t - 1/r)). (4) 
Here AH* is the activation enthalpy of the aggre- 
gation process, and T\ is the radius growth rate- 
constant at our standard reference temp 
7- 0 = 329.15Kl,i.e. 56°C. 

The intensity growth rate constant, r„ has also 
been analyzed by Arrhenius plots with f, replacing 
r. in equation (4), and with the same observed 
linearity (results not shown). In Table 1, the results 
of this analysis are summarised. The parameters 1 *, 
T, AH% and AH% and the standard deviation in 
these parameters have been estimated using a non- 
linear least-squares minimization procedure romns 
function 4 to the observed results. 

The resulting values for AH* (see Table 1), a« 
independent of concn within our experimental accu- 
racy. The average values are given in Table 2, ana 
find that by combining the results from me 
surements of <R> and <7> that our best est.mate 
AH* — 120+5 kcal/mole. . 

It is clear from Table 1 and Fig. 7 that the growU> 
rates T, and T x at the standard temp increase « 
increasing concn. For Smoluchowski kinetics 
collision rate constant y = fa/MC, is VWO*"?. 
the monomer concn. We therefore fit the results 
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0.8 + 0.05 
0.9±0.15 
1.7±0J0 -I18±8 
2.5 ±0.10 -123 ±2 



125 + 2 0.26 ±0.03 



113 ±2 
1W±9 
0.72 ±0.01 -1 15 ±2 
1.2 + 0.2 -123 + 4 



for IgG heal aggregation 



116±5 



Pig 7 with the expression: f = <fC„ with the results 
shown in Table 2. These cr coefficients may now be 
compared to the value expected from Smoluchowski 
kinetics. However, we must first correct for the 
presence of a non-aggregating monomer fraction. We 
have found that the non-aggregating fraction is «0.5 
in our samples and with 0 = 0.4, as determined in the 
previous section, we conclude from Table 1 that the 
expected rate constants j R and y, equal 1.0 withm a 
few per cent. Therefore, the observed growth rate 
constants T and T should satisfy the relation: 

r,f =r R t =t =yt. . 

The "sticking coefficient", e (that is the inverse 
number of collision on the average between two 
clusters before they irreversibly stick) is given by 

£ =(3o7M)/4^T, (5) 
where M is the mol. wt. With this expression we find 
c = 1.13 x 10-' and 0.51 x 10"' from the .results for 
r,and TV 



Heating of monomeric IgG to above 50°C causes 
rapid aggregation and irreversible cluster growth. 




Fig. 7. The growth rate constants r% O and T? ♦ as 
functions of IgG monomer concentration. 



Figure 2 shows that these clusters are stable if cooled 
to room temp and continue to grow when reheated. 
The observed behavior of <*> and <7> is exactly 
what is expected for irreversible aggregation. As the 
system is cooled the aggregation process stops and 
the scattering intensity does not change since </> 
essentially measures the number, i of molecules in the 
clusters </>//„ «Z,*/». We conclude that the size 
distribution {«,} must remain unchanged. If, for 
instance, the aggregates redissolve the scattering in- 
tensity would decrease. The change in <-R> upon 
cooling and heating indicates that the clusters exhibit 
thermal expansion and is not a result of dissociation. 
We conclude that the thermal aggregation of IgG is 
an irreversible process, and that the aggregates are 
stable at room temp within the time period of our 
experiments. This result agrees well with the data of 
McCarthy et al. (19816) and Oreskes and Mandel 
(1983) while Knutson et al. (1979) and KaufFman et 
al (1979) report that human IgG preparations on 
heating gave rise to aggregates which were unstable. 
The differences in results are probably due to 
differences in procedure of preparation of AIgG as 
shown by McCarthy et al. (1981a). They compared 
different commercial IgG preparation and observed 
significant variation in stability of the aggregates. 
Aggregates formed by heating IgG from Kabi AB 
(Gammaglobulin Kabi) were also found stable in 
their study. 

The observation that there was no aggregation 
even after 80 hr at 39°C is in disagreement with the 
report of James et al. (1964) who described the 
formation of up to 20% dimers after 20 hr at 
37°C. Such dimerization, if present, would easily be 
detected by our method. Our data agree, however, 
t with the observations of Mackay et al. (1973) that 
there was no change in the ultracentrifugation pat- 
terns of IgG, even after incubation at 37°C for 28 
days. Also these differences may be due to differences 
in preparation methods. 

The aggregation process, as seen by the scattering 
intensity and the effective hydrodynamic radius, can 
be described consistently as a Smoluchowski aggre- 
gation process (Smoluchowski, 1917; Jessang et al., 
1985). This kinetic behavior results in a characteristic 
power law increase of the radius <K> and of the 
intensity </> with time [equation (2) and (3)]. Because 
of this power-law behavior, the results may be scaled 
to produce the data collapse shown in Fig. 4. 
The radius growth exponent a =0.48 ±0.05 deter- 
mines the cluster exponent 0 in the relation R = R 0 i 
to be 0 = 0.39 ± 0.04, when we take into account our 
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result that about 50% of the monomers are heat 
SS and do not participate in the observed aggre- 
gation process. The observation of a heat stab e 
fiction's consistent with the experiment by Knu - 
son et ah (1979), who found that at 63 C the max- 
imum yield of aggregates was 50% . 

The irreversible aggregation of clusters s an act. 
vated process. The temp dependence of the radius 
growth rate T K and of the intensity growth 



at higher temps a significant denaturation step 
be masked by the rapid aggregation process 

In the aggregation of serum albumin u, 
portance of disulfide bond formation has been dem- 
onstrated (Frensdorff et at 1953). Our experiments, 
however, indicate that this is not an important factor 
in the heat aggregation of IgG, since addition of 
iodoacetamide had no effect on the aggregation rate. 
Iodoacetamide is known to react with free-SH 



would • 1 

the in,, 
een dem. 



— — * .- fMiiv „ row th rate r, Iodoacetamiae is ™»u ~ ~ »«n,n 
growth rate r R and of the intensity r * ' d t disulflde bond formation. This 

exhibits an Arrhemus behavior «thjn^rrhen.us ^ atjon j$ sistent with the results presented by 
Augener and Grey (1970). 



exhibits an Arrhemus oenav.u, ™.«. - • ----- -_ 

enthalphy of activation AH* » 120 kcal/mo le. This 
: a !uefor y AH^isina g ree m entwiththety P1C ava,u. 
for protein denaturation (approximately IDOkcal, 

mole), (Haurowitz, 1963) and with the data or igu dfcBWftoft ^,_ The corre l a ior 
aggregation reported by Oreskes and Mandel (1981) x ^ wh0 also assisled ln numerc 
A&Okcal/mole. . and^ronics repair jobs. ttspaUe 

We have found that the Smoluchowski sticking 
coefficient £ is very small, approx. equal to 10" Since 
the aggregation process is an activated proc*s only 
a fraction of the collisions can be successful. We 
expect that only certain relative configurations and 
rerativeorientationsofthecollidingclustersmaylead 

to a permanent bond. In addition even if the relat.ye 

orientation is acceptable the cluster may have to jj_ (19 70) Studies of the mechank* 

overcome a potential barrier, possibly including the as ^ aggregation of human i gG . J. Immun. 105, 

rupture of weak bonds, before the stable m ^ m 



;orrciaiui »as built by P. Hat- 
so assisicu in numerous interfacing projects 
andrf-Wctronics repair jobs. His patient effort are gratefully 
acknowledged. The financial support orNAVF— the Coun- 
cil of Natural Science Research— is gratefully acknow- 
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ariplementation of the NODAL system on their laboratory 
computer. 



" of weak bonds, "before the stable 
a is reached. In thermodynamic terms 
t hes7 factors are expressed by Gibbs free energy 
(AC?*) of the system as a whole when two clusters are 
nut together into a state where the resulting complex 
may either bind irreversibly or split apart with equal 
probability. The sticking coefficient e is related to 
17* by /=exp(-AG*/«r 0 ). With this expression 
we may use the value for « determined from equation 
(5) to estimate AG* with the results shown in labie^. 
It should be stressed that AG* contains entropy terms 
that stem from the orientation of the clusters as well 
as from the configurations of the complex. 

The process leading to heat aggregation of IgG is 
not fully understood. Increasing temperature would 
be expected to increase hydrophobic .attractions 
(Kauzuiann, 1959). Presumably heating results m the 
rupture of several intra-molecular bonds leading to a 
partly denatured molecule. Observations of the 
* y . ..... .:™;„^; ra tR that denaturation 
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changes in a myeloma IgG preparation 

and 33°C and that denaturation occurred in a narrow 
temp interval at 64°C. The denatured molecules 
coniain probably unsatisfied potential bonding 
points. Therefore, if the molecules come in contact^ 
some or all of the ruptured bonds may reform 
inter-molecularly and aggregates are formed . We 
note, however, that there is no ind.cat.on of a dena 
turation process in our results. If there is a dena 
turation step t — 

formations change in tne m^-" -■ 
effective hydrodynamic radius unchanged. Of course, 
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A Sudden Decline in Active Membrane-Bound TGF-jB Impairs 
Both T Regulatory Cell Function and Protection against 
Autoimmune Diabetes 1 

Randal K. Gregg, 2 Renu Jain, Scott J. Schoenleber, Rohit Divekar, J. Jeremiah Bell, 
Hyun-Hee Lee, Ping Yu, and Habib Zaghouani 3 

Autoimmunity presumably manifests as a consequence of a shortfall in the maintenance of peripheral tolerance by CD4 + CD25 + 
T regulatory cells (Tregs). However, the mechanism underlying the functional impairment of Tregs remains largely undefined. In 
this study a glutamic acid decarboxylase (GAD) diabetogenic epitope was expressed on an Ig to enhance tolerogenic function, and 
the resulting Ig-GAD expanded Tregs in both young and older insulitis-positive, nonobese diabetic (NOD) mice, but delayed 
autoimmune diabetes only in the former. Interestingly, Tregs induced at 4 wk of age had significant active membrane-bound 
TGF-/3 (mTGF-/3) and sustained protection against diabetes, whereas Tregs expanded during insulitis had minimal mTGF-j3 and 
could not protect against diabetes. The Tregs probably operate suppressive function through mTGF-|3, because Ab blockade of 
mTGF-/3 nullifies protection against diabetes. Surprisingly, young Tregs that modulated pathogenic T cells maintained stable 
frequency over time in the protected animals, but decreased their mTGF-J3 at the age of 8 wk. More strikingly, these 8-wk-old 
mTGF-0-negative Tregs, which were previously protective, became unable to confer resistance against diabetes. Thus, a devel- 
opmental decline in active mTGF-0 nullifies Treg function, leading to a break in tolerance and the onset of diabetes. The Journal 
of Immunology, 2004, 173: 7308-7316. 



Recently, it has become clear that CD4 + CD25 + T regu- 
latory cells (Tregs) 4 play a major role in the maintenance 
of peripheral tolerance (1, 2). Currently, a tremendous 
effort is being deployed to understand how these cells develop and 
exercise suppressive function against hazardous self-reactive T 
lymphocytes (3-5). In the nonobese diabetic (NOD) mouse, acti- 
vation of pathogenic T cells, the presumed triggers of spontaneous 
diabetes in these animals, is viewed as a breakdown of Treg-me- 
diated peripheral tolerance (6, 7). Initially, a decrease in the fre- 
quency of Tregs was suggested for the susceptibility of the NOD 
mouse to diabetes (7). Recently, however, it has been reported that 
the number of Tregs is steady over the course of disease (8), but a 
loss of function was observed and correlated with the onset of 
diabetes (9). The mechanism underlying such acquired ineffec- 
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tiveness remains largely undefined. Membrane-bound TGF-/3 
(mTGF-0) on Tregs has recently been shown to mediate cell con- 
tact inhibition of pathogenic T cells (10) and play a critical role in 
Treg suppressive function (1 1-13). In fact, anti-islet CD8 + T cells 
expressing a dominant negative TGF-/3 receptor transgene could 
not be targeted by Tregs in vivo (14). In this study an approach for 
peptide delivery on Ig was developed, and a treatment regimen was 
defined that expanded mTGF-/3-positive Tregs and protected ani- 
mals against diabetes. Moreover, we found that an abrupt decline 
in mTGF-0 expression on Tregs accompanied by a loss of sup- 
pressive functions transpire during the transition to destructive in- 
sulitis and progression to diabetes. Indeed, when the glutamic acid 
decarboxylase (GAD65) 524-543 peptide (designated GAD1) (15, 
16) was genetically engineered into an Ig molecule, the resulting 
Ig-GAD 1 expanded Tregs expressing active mTGF-0 and pro- 
tected young mice against diabetes. However, Ig-GADl given to 
8-wk-old mice with progressive insulitis induced Tregs lacking 
mTGF-/3 and did not protect against diabetes. Interestingly, 6-wk- 
old Tregs, whether from Ig-GADl treated or naive NOD mice, 
expressed mTGF-0 and delayed diabetes when cotransferred with 
diabetogenic splenocytes into NOD.scid mice. However, 8- or 26- 
wk-old Tregs, whether from naive or Ig-GADl -treated nondiabetic 
animals, had minimal mTGF-j3 and could not protect NOD.scid mice 
against passive diabetes. Furthermore, blockade of mTGF-j8 with Abs 
before transfer into NOD.scid mice nullifies the protective function of 
the otherwise suppressive 6-wk-old Tregs. Together, these results 
indicate that a decline in cell surface expression of active TGF-/3 
during transition to insulitis is responsible for the loss of suppres- 
sive function of Tregs and the resulting onset of diabetes. 

Materials and Methods 

NOD (H-2 67 ) and NODscid mice were purchased from The Jackson Lab- 
oratory (Bar Harbor, ME). IL-4-deficient (IL-4"'~) and lL-10-deficient 
(IL-10"'") NOD mice were previously described (17, 18). All mice were 
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maintained in the animal facility for the duration of experiments, and the 
experimental procedures performed on these animals were conducted ac- 
cording to the guidelines of the institutional animal care and use 
committee. 

Assessment of diabetes 

Mice were bled from the tail vein weekly, and the blood samples were used 
to assess both glucose content and anti-insulin Abs. For measurement of 
glucose, a drop of blood was directly placed on a test strip, and the glucose 
content was read using a FreeStyle blood glucose-monitoring system 
(TheraSense, Alameda, CA). For detection of anti-insulin Abs, the blood 
was allowed to coagulate for 1 h at room temperature, and the serum was 
separated and used for ELISA. A mouse was considered diabetic when the 
blood glucose was >300 mg/dl for 2 consecutive weeks. 

Antigens 

Peptides. All peptides used in this study were purchased from Metabion 
(Munich, Germany) and were purified by HPLC to >90% purity. Insulin 
j3-chain (INS/3) peptide (SHLVEALYLVCGERG) encompasses a diabe- 
togenic epitope corresponding to aa residues 9-23 of INS/3 (19). GAD1 
peptide (SRLSKVAPVIKARMMEYGTT) corresponds to aa residues 
524-543 of GAD65 (20, 21). GAD2 peptide (TYEIAPVFVLLEYVT) cor- 
responds to aa residues 206-220 of GAD65 (22). Hen egg lysozyme (HEL) 
peptide (AMKRHGLDNYRGYSL) encompasses a nondiabetogenic 
epitope corresponding to aa residues 1 1-25 of HEL (23). INS/3, GAD1, 
GAD2, and HEL peptides are presented to T cells in association with I-A g7 
MHC class II molecules. 

Ig chimeras. Ig-GADl and Ig-HEL are chimeras expressing GAD1 and 
HEL peptides, respectively. Insertion of GAD1 and HEL nucleotide se- 
quences into the CDR3 of the H chain variable region of 91A3 IgG2b, k 
Ig, was conducted as previously described (24). Large-scale cultures of 
transfectoma cells were used in DMEM containing 10% iron-enriched calf 
serum (BioWhittaker, Walkersville, MD). Purification of Ig-GADl and 
Ig-HEL was conducted on separate columns of rat anti-mouse K-chain 
mAb coupled to cyanogen bromide-activated 4B Sepharose (Amersham 
Biosciences, Piscataway, NJ). Aggregation of the Ig chimeras was con- 
ducted by precipitation with 50% saturated (NH 4 ) 2 SO„ as previously de- 
scribed (24). 

Generation of T cell clones 

A T cell clone specific for GAD1 peptide was generated by immunizing 
NOD mice with 50 /xg of GAD 1 peptide in 200 /xl of PBS/CFA (v/v) s.c. 
in the footpads and at the base of each limb. After 10 days, the draining 
lymph nodes were removed, and T cells were stimulated in vitro for two 
rounds in the presence of irradiated (3000 rad), syngeneic splenocytes, 5% 
T-Stim supplement (Collaborative Biomedical Products, Bedford, MA), 
and GAD1 peptide (15 fig/ml). Cloning of a T cell line specific for GADI 
was accomplished by limiting dilution. The culture medium used to carry 
out these stimulations and other T cell activation assays in this study was 
DMEM supplemented with 10% FCS (HyClone, Logan, UT), 0.05 mM 
2-ME, 2 mM glutamine, 1 mM sodium pyruvate, and 50 jug/ml gentamicin 
sulfate. 

Isolation of T cells 

CD4 + T lymphocytes were isolated from the spleen by positive selection 
on microbeads (Miltenyi Biotech, Auburn, CA). For CD4 + CD25 + T cells, 
splenic cells were depleted of RBC, and CD4 + lymphocytes were sepa- 
rated by negative selection using the Miltenyi CD4 T cell isolation kit. The 
CD4 + CD25 + T cells were isolated by positive selection using anti-CD25- 
coupled Miltenyi microbeads. The CD25-negative fraction (CD4 + CD25 ) 
was used as a control for CD4 + CD25 + T cells. All procedures were con- 
ducted according to Miltenyi's instructions. 

Isolation of BSA-APCs 

Partial purification of splenic APC was accomplished by floating fresh 
NOD spleen cells on a dense BSA gradient, and the cells were then washed 
in plain culture medium and used in T cell activation assays. 

Flow cytometric analyses 

For staining of CD4, CD25, and CD62L, purified splenic CD4 + T cells 
(1.5 X 10 6 ) were incubated with anti-CD4-PE, anti-CD25-allophycocyanin 
(or isotype control rat IgGl-allophycocyanin), and anti-CD62L-FITC (or 
isotype control rat IgG2a-FITC) for 30 min at 4°C and washed with buffer. 
The cells were fixed with 2% formaldehyde for 20 min at room temperature 
and then analyzed. Events (30-50 X 10 3 ) were collected on a FACSVan- 



tage flow cytometer (BD Biosciences, Mountain View, CA) and analyzed 
using CellQuest software 3.3 (BD Biosciences). Staining for CTLA-4 was 
conducted as follows: purified islet and splenic CD4 + T cells (2 X 10 s 
cells) were incubated with anti-CTLA-4-PE (4F10) or isotype control ham- 
ster IgGl-PE for 2 h at 37°C, followed by anti-CD4-FITC and anti-CD25- 
allophycocyanin or isotype control rat IgGl-allophycocyanin for 30 min at 
4°C. The cells were then washed, fixed with 2% formaldehyde, and analyzed 
as described above. Anti-CD4-FITC or -PE, anti-CD25-allophycocyanin, anti- 
CD62L-FITC, anti-CTLA-4-PE, rat IgGl-allophycocyanin, rat IgG2a-FlTC, 
and hamster IgGl-PE were purchased from BD Pharmingen (San Diego, CA). 
Staining for surface expression of active TGF-/3 was conducted as previously 
described (10). Briefly, purified CD4 + T cells (2 X 10 s cells) were incubated 
with anti-CD4-FITC, anti-CD25-a!lophycocyanin (or isotype control rat 
IgG-allophycocyanin), and biotin-conjugated anti-TGF-|31 (BAF240) or 
with isotype control chicken IgY-biotin for 30 min at 4°C and washed with 
buffer. Subsequently, the cells were stained with PE-conjugated streptavidin 
for 30 min at 4°C. The cells were then washed, fixed with 2% formaldehyde, 
and analyzed as described above. Biotin-conjugated anti-TGF^l and chicken 
IgY were purchased from R&D Systems (Minneapolis, MN). 

Proliferation assays 

For presentation of Ig-GADl to a specific T cell clone, irradiated (3000 
rad) NOD splenocytes (5 X 10 5 cells/50 /x.l/well) were incubated with 100 
jxl of Ag, and 1 h later, GADl-speciflc T cells, TCC-GAD1-1F6 (5X10* 
cells/well/50 /u.1), were added. After 3-day incubation, 1 /xCi of [ 3 H]thy- 
midine was added per well, and the culture was continued for an additional 
14.5 h. The cells were then harvested on a Mach III harvester (Tomtec, 
Hamden, CT), and incorporated [ 3 H]thymidine was counted on a Trilux 
1450 Microbeta counter (Wallac, Gaithersburg, MD) using Microbeta 
270.004 software (Wallac). For activation of splenic T cells after Ig chi- 
mera treatment, purified CD4 + T cells (2.5 X 10 s cells/well) were incu- 
bated with irradiated (3000 rad) BSA-APCs (5 X 10 5 ) and 20 /xg/ml pep- 
tide for 72 h. After the incubation, 1 ju.Ci of [ 3 H]thymidine was added per 
well, and the culture was continued for an additional 14.5 h. The cells were 
then harvested and counted as described above. For alloantigen-induced 
expansion, isolated CD4 + CD25~ T cells (2 X 10 5 cells/well) were incu- 
bated for 5 days with T cell-depleted C57BL/6 splenic cells (1 X 10 5 
cells/well) and increasing numbers of CD4 + CD25 + T cells. The 
CD4 + CD25 + T cells were incubated for 2 h with or without anti-TGF-/3 
Ab (1D1 1) or mouse IgG isotype control and washed before addition to the 
alloantigen reaction mix. The culture was pulsed 8 h before harvesting with 
1 lid of [ 3 H]thymidine and then counted. 

Cytokine production by Tregs 

Splenic CD4 + CD25 + or CD4 + CD25~ T cells (2.5 X 10 s cells/well) were 
stimulated with 30 jxg/ml peptide for 4S h in the presence of irradiated 
(3000 rad) BSA-APCs (5 X 10 s cells/well). Subsequently, cytokine pro- 
duction was assessed by ELISA from 100 of culture supernatant. 

Detection of cytokines in cell cultures 

Detection of IL-10 was conducted by ELISA according to BD Pharmin- 
gen's standard protocol. The capture Ab was rat anti-mouse IL-10, JES5- 
2A5, and the biotinylated anti-cytokine Ab was rat anti-mouse IL-10, 
JES5-16E3. Both Abs were purchased from BD Pharmingen. Detection of 
TGF-8 was performed according to the procedure outlined by R&D Sys- 
tems. To activate latent TGF-/3 to the immunoreactive form, samples were 
acidified by the addition of HC1 (20 mM) for 10 min at room temperature, 
then neutralized by NaOH/HEPES solution. The capture Ab was mouse 
anti-TGF-Sl, -/32, and -63 1D11 mAb, and the biotinylated anti-cytokine 
Ab was chicken anli-TGF-Bl (BAF240). Both Abs were purchased from 
R&D Systems. All assays were read on a SpectraMAX 190 counter (Mo- 
lecular Devices, Sunnyvale, CA) and analyzed using SOFTmax PRO 3.1.1 
software. Graded amounts of recombinant mouse IL-10 (BD Pharmingen) 
and TGF-/3 (R&D Systems) were included in all experiments for construc- 
tion of standard curves. The cytokine concentration in culture supernatants 
was extrapolated from the linear portion of the standard curve. 

Depletion of Tregs 

For depletion of CD4 + CD25 + T cells in vivo, mice were injected with 1 
mg of anti-CD25 Ab (PC61)/mouse alone or in conjunction with aggre- 
gated (agg) Ig-GADl treatment. Rat IgG (1 mg/mouse) was used as a 
control. 

Suppression of passive diabetes by Tregs 

Splenic cells were harvested from untreated (nil) and Ig chimera-treated 
mice at the ages indicated. Subsequently, splenic CD4 + CD25 + and 



7310 



mTGF-0 AND BREAK OF PERIPHERAL T CELL TOLERANCE 



FIGURE 1. Agg Ig-GADl induces nonproliferative 
CD4 + CD25 + T cells, expressing Foxp3, but not secret- 
ing IL-10 or TGF-/3. Irradiated NOD APC splenocytes 
were incubated with free peptides (a) or Ig-chimeras (by, 
1 h later, GAD1 peptide-specific T cells were added. T 
cell activation was assessed by [ 3 H]thymidine incorpo- 
ration after a 72-h incubation. HEL peptide and Ig-HEL 
were included for negative control purposes. For expan- 
sion of Tregs, female NOD mice were given an i.p. in- 
jection of 300 ^g of agg Ig-HEL (c) or Ig-GADl (d-h) 
at 4, 5, and 6 wk of age. Phenotypic and functional 
analyses were performed 7 days after the last injection. 
c and d. Splenic cells were analyzed for CD4 and CD25 
expression by flow cytometry, e, Foxp3 expression was 
assessed by real-time PCR using the comparative C T 
method. IL-10 (/) and TGF-0 Q?) secretion by 
CD4 ' CD25 ' vs CD4 1 CD25~ T cells was determined 
by ELISA after a 48-h Ag stimulation. Recombinant 
IL-10 and TGF-/3 (■) were used as controls, h, Prolif- 
eration of the CD4 + CD25~ fraction (2 X 10 5 cells/well) 
was assessed by [ 3 H]thymidine incorporation after 
5-day incubation in the presence of allogeneic C57BL/6 
splenocytes (1 X 10 5 cells/well) alone or together with 
increasing numbers of CD4 + CD25" counterparts. Each 
bar represents the mean ± SD of triplicate wells. 
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CD4 + CD25~ T cells were purified and resuspended in PBS. Additionally, 
spleens from recently diabetic NOD female mice (-2 wk diagnosed) were 
harvested, and the isolated diabetogenic splenocytes (used to induce dia- 
betes in NOD.aciV/) were resuspended in PBS. Then, 5 x 10 5 cells 
CD4 + CD25 + or CD4 + CD25~ T cells were coinjected i.v. with 1 X 10 7 
diabetogenic splenocytes into NOD.sc/rf mice (4-8 wk of age). In some 
experiments the CD4 + CD25 + T cells were incubated for 2 h with 100 
fi.g/ml anti-TGF-0 (1D11) or isotype control mouse IgG before cotransfer 
with diabetogenic splenocytes into NOD.scirf mice. 

Real-time PCR for Foxp3 expression 

Total RNA was extracted from cells using TRIzol reagent. RT and DNA 
amplification were performed according to the one-step protocol using 300 
ng of total RNA and a QuantiTect SYBR Green real-time PCR kit (Qiagen, 
Valencia. CA) according to the manufacturer's instructions. Primer pairs 
were as follows: Foxp3, 5 ' -GGCCTTCTCCAGGAC AG A-3 ' and 5'-GCT 
G ATC ATGGCTGGGTTGT-3 ' ; and /3-actin, 5'-AGAGGGAAATCGT 
GCGTGAC-3' and 5 ' -C A AT AGTG ATG ACCTGGCCGT- 3 ' . Real-time 
PCR was performed on a Cepheid Smart Cycler (Sunnyvale, CA), and the 
results were analyzed by the comparative threshold cycle (C T ) method 



using Smart Cycler software. The comparative C x method allows relative 
quantitation of gene expression to be performed where C T represents the 
cycle where detection of an increased signal associated with exponential 
growth of PCR product begins. Furthermore, AC T values represent the 
difference between a sample C T and a normalizer C T such as /3-actin. For 
comparisons of gene expression, the AAC T values are used and represent 
the difference between the sample AC T and a reference AC T . Finally, quan- 
titation using the formula 2" Ai0r provides a comparative expression level 
for comparisons of differing conditions, such as treatments or ages. This 
comparative expression level, therefore, represents a fold difference from 
that of the reference level. 

Insulin autoantibody assay 

Detection of insulin autoantibodies (IAA) in the serum of NOD mice was 
conducted by ELISA as follows. Microtiter plates (no. 3369; Coming 
Glass, Coming, NY) were coated with 50 /nl of sodium bicarbonate solu- 
tion (pH 9.6) containing 10 /xg/ml porcine insulin (Sigma-Aldrich, St. 
Louis, MO) for 16 h at 4°C. The plates were then washed three times with 
PBS-0.05% Tween 20, and free plastic sites were saturated by incubation 
with 2.5% casein (in 0.3 M NaCl, pH 7) for 2 h at room temperature. 
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Subsequently, serum samples (1/200 dilutions) were added, and the plates 
were incubated for 16 h at 4°C. Biotin-conjugated, rat anti-mouse k mAb 
(100 /xl at 1 /xg/ml) was added, and the plates were incubated for 1 h at 
room temperature. Bound anti-mouse k mAb was revealed by incubation 
with a casein solution containing 2.5 mg/ml avidin peroxidase for 30 min 
at room temperature, followed by addition of ABTS substrate. The samples 
were read at 405 nm on a Spectramax 190. A sample is considered IAA 
positive when the OD 405 is >0.2. This cutoff line of 0.2 was chosen be- 
cause serum samples from 10 SJL mice, which are not prone to diabetes 
development and presumably do not produce insulin-specific autoantibod- 
ies, never exceeded 0.05 OD^ (4-fold less than cutoff). 

Statistical analysis 

The x 2 test was used for data analysis among experimental and control 
groups. Cytokine levels were compared using Student's / test for unpaired 
samples. 

Results 

Agg Ig-GADl expands Tregs protective against diabetes 
T cells made against GAD1 peptide proliferated upon stimulation 
with GAD1, but not the negative control HEL peptide (Fig. la). 
Ig-GADl, but not the negative control Ig-HEL, was presented to 
these specific cells and induces their proliferation (Fig. lb). These 
data indicated that Ig-GADl is internalized by APGs, and the 
GAD1 peptide is released and presented to the T cells in a specific 
manner. It was recently shown that aggregation of Ig-myelin chi- 
meras cross-linked FC7R on APCs and increased the myelin pep- 
tide's tolerogenic functions (24-26). Whether such regimens op- 
erate through expansion of Tregs is unknown. Administration of 
agg Ig-GADl into young NOD mice induced the expansion of 
cells with a regulatory phenotype. Indeed, the number of CD25 + 
T cells among all CD4 + T lymphocytes rose from 5.0% in the agg 
Ig-HEL-treated mice to 10.5% in the animals given agg Ig-GADl 



(Fig. 1, c and d). Nil or soluble (sol) Ig-GADl -treated mice had 
4-6% CD4 + CD25 + T cells (data not shown). These 
CD4 + CD25 + T cells had an increased mRNA expression of the 
Forkhead/winged helix transcription factor (Foxp3) gene relative 
to their CD4 + CD25~ counterparts (Fig. le), concurring with a 
Treg phenotype (27, 28). These Tregs did not secrete IL-10 or 
TGF-/3 (Fig. 1,/and g), but displayed significant suppressive func- 
tions against their CD4 + CD25" counterparts (Fig. Ih). Without a 
doubt, the CD4 + CD25~ T cells mounted significant MLR prolif- 
eration against T cell-depleted allogeneic C57BL/6 splenocytes, 
but a marked decrease in the proliferation was observed when 
CD4 + CD25 + T cells were added to the culture (Fig. l/i). Thus, 
treatment with agg Ig-GADl resulted in expansion of T cells with 
both phenotypic and functional marks of Tregs. Additional in vivo 
analyses seem to associate these Tregs with a significant delay of 
diabetes. In fact, mouse recipients of agg Ig-GADl treatment re- 
duced their spontaneous proliferative responses to diabetogenic 
peptides such as INS/3, GAD1, and GAD2 in comparison with 
animals recipient of the control molecule agg Ig-HEL (Fig. 2a). It 
should be noted that HEL peptide, although restricted to I-A g7 -like 
GAD1 peptide, is not a self-determinant, and NOD mice do not 
develop spontaneous responses against it. Thus, the lack of pro- 
liferation against HEL peptide in Ig-GADl- and Ig-HEL-treated 
mice is due to the absence of a spontaneous response, rather than 
to down-regulatory functions by the chimeras. Furthermore, a sig- 
nificant level of protection against diabetes was observed in these 
animals. Indeed, only 40% of mice treated with agg Ig-GADl 
developed diabetes compared with 70% of control agg Ig-HEL 
treated and 80% of nil animals (Fig. 2b). It should be noted that 
some protection was seen with the control agg Ig-HEL in the early 
stage of disease, which is probably due to bystander suppression 



FIGURE 2. Agg Ig-GADl induces Tregs and delays 
diabetes in young NOD mice. Female NOD mice (10/ 
group) were given i.p. 300 fig of either agg Ig-GADl or 
Ig-HEL at 4, 5, and 6 wk of age without (a, b, and e) or 
with (/) 1 mg of anti-CD25 Ab or rat IgG isotype con- 
trol, a, Mice were killed at wk 12, and their splenic 
proliferation against the indicated peptides was assessed 
by [ 3 H]thymidine incorporation as described in Materi- 
als and Methods. The bars represents the mean ± SD of 
triplicate wells, b-d and /, Mice were monitored for 
blood glucose up to wk 26 or 30 of age. c and d, Mice 
were given weekly i.p. injection of 300 /xg of sol or agg 
Ig-GADl (■) or Ig-HEL (B) beginning at wk 4 until wk 
12. Biweekly injections were then applied until wk 26 of 
age. c and d, Blood glucose was monitored weekly up to 
wk 30. e, A group of nondiabetic mice was killed at the 
indicated week and used for evaluation of CD4 + CD25 + 
T cell percentages by flow cytometry. A group of mice 
that did not receive any injection (Nil) was included to 
serve as a control in all experiments. a,p < 0.05; b, p < 
0.01; c, p < 0.01 (compared with nil group). 
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by IL-10 produced by the APCs upon cross-linking of FcyRs (24). 
The sol form of Ig-GADl, which did not expand CD4 + CD25* 
Tregs, supported a delay in disease onset through 20 wk of age 
(10% incidence of diabetes vs 50% for both nil and agg Ig-HEL). 
However, the incidence of disease rose to 80%, which is similar to 
that in the control sol Ig-HEL-treated group (data not shown). A 
prolonged treatment regimen, consisting of a weekly injection of 
300 /xg of agg chimeras from wk 4-12 and biweekly injections 
thereafter until wk 30 of age, produced only a slight enhancement 
of disease prevention; 30% of the mice became diabetic by wk 30 
(Fig. 2c) vs 40% in the short treatment group (Fig. 2b). The nil as 
well as agg Ig-HEL groups displayed similar incidences of disease 
as the short treatment regimen (Fig. 2, b and c). A prolonged reg- 
imen with sol Ig-GADl remains less effective, because only tran- 
sient protection was observed at wk 20, and most of the mice 
became diabetic by wk 26 of age (Fig. 2d). Hence, the results 
indicate that a short treatment at the preinsulitis stage is sufficient 
to induce optimal protection by agg Ig-GADl. The delay of dis- 
ease onset is most likely controlled by Tregs. This statement stems 
from the observation that the percentage of CD4 1 CD25 ' T cells 
was maintained at expanded (10% of total CD4 + cells) levels 
through 26 wk of age relative to the 5% obtained with the un- 
treated mice (Fig. 2e). Moreover, depletion of these Tregs at the 
preinsulitis stage nullified the suppressive effects of agg Ig-GADl. 
Indeed, 90% of the mice given anti-CD25 Ab during treatment 
with agg Ig-GADl became diabetic by wk 26 of age, whereas only 
30% of the animals displayed hyperglycemia when rat IgG re- 
placed anti-CD25 Ab (Fig. 2f). Interestingly, anti-CD25 Ab alone 
did not affect the pattern of disease, indicating that interference 
with activated pathogenic T cells was minimal. Overall, these re- 
sults indicate that agg Ig-GADl expands cells with a phenotypic 
pattern characteristic of T regulatory cells and operates protection 
against diabetes through the suppressive function of these Tregs. 

In a number of GAD65 immunotherapies, prevention of diabetes 
was associated with induction of Th2 regulatory T cells producing 
IL-4 and/or IL-10 (29, 30). Therefore, both IL-4 - ' - and IL-10 - ' - 
NOD mice were used to determine whether these cytokines are 
involved in agg Ig-GADl -mediated protection against diabetes. 
Fig. 3 shows that u-eatment with agg Ig-GADl significantly de- 
layed the disease in either strain of knockout mice. Thus, the 
mechanism by which agg Ig-GADl suppresses the disease does 
not seem to operate through IL-4 or IL-10 immune deviation (30). 

Aging diminishes the effectiveness of Tregs against diabetes 
Natural Tregs arise in the normal T cell repertoire to contribute to 
the maintenance of self-tolerance (1, 2). Gradual loss of function 
by Tregs is viewed as one of the lead mechanisms for development 
of autoimmunity in maturing NOD mice (7, 9). To address the 
issue of ineffectiveness of maturing Tregs, we began by examining 
whether treatment with agg Ig-GADl expanded Tregs in older 
mice positive for IAA, a sign indicative of insulitis (31, 32) and an 
ongoing disease process. Accordingly, mice were given agg Ig- 
GADl during the week of IAA seroconversion (which occurs at 
8-11 wk of age) as well as 7 and 14 days later and then tested for 
expansion of Tregs. The results indicate that the number of 
CD4 + CD25 + T cells had increased from 6.1% in the untreated 
mice to 10.1% in the age-matched, agg Ig-GADl -treated animals 
(Fig. 4, a and b). However, when these animals were monitored for 
blood glucose levels, hyperglycemia was as prevalent as in the 
control untreated or agg Ig-HEL-treated groups, indicating a lack 
of protection against diabetes (Fig. Ac). In fact, the agg form of 
Ig-GADl had a similar result as the sol form, which is not effective 
in expanding Tregs (Fig. 4c). Overall, mice with progressive in- 
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FIGURE 3. Delay of diabetes by agg Ig-GADl is not dependent upon 
IL-4 and IL-10. Groups of female IL-4 - ' - (a) and IL-10"' - (b) NOD mice 
(10/group) were given an i.p. injection of 300 /xg of agg Ig-GADl (■) 
beginning at wk 4 through wk 12 and biweekly thereafter until 26 wk of 
age. The mice were monitored for blood glucose levels weekly up to wk 30 
of age. Group of mice that did not receive any treatment with agg Ig-GAD 1 
(□) were included for control purposes, a, p < 0.05; b, p<0.05; e, p<0.01 
(compared with nil groups). 



sulitis are able to expand Tregs, but fail to protect themselves 
against diabetes. Subsequently, the splenic CD4 + CD25 + T cells 
from these mice were isolated and tested for suppression of passive 
diabetes mediated by pathogenic splenocytes of recently diabetic 
mice. These Tregs, however, were unable to protect the NOD.scid 
mice from diabetes; the survival pattern of the recipient mice was 
similar to that of animals given only the diabetogenic splenocytes 
(Fig. Ad). However, CD4 + CD25 + T cells from the young NOD 
mice treated at 4, 5, and 6 wk of age were protective; 80% of the 
recipient animals were free of diabetes. It is thus logical to suspect 
that a decline in the suppressive function of Tregs is responsible 
for the lack of protection against the disease. To further address 
this matter, maturing natural and agg Ig-GADl -expanded Tregs 
were isolated at different time points and tested for suppression of 
passive diabetes by cotransfer with diabetogenic splenocytes into 
NOD.scid mice. Fig. 5 shows that 70-80% of NOD.scid mice 
given young (6-wk-old) agg Ig-GADl -expanded or natural (from 
untreated animals) Tregs remain free of diabetes (Fig. 5, a and b). 
The CD4' CD25 - counterparts had no significant effect on diabe- 
tes, and by wk 5 posttransfer, all animals became diabetic, as in the 
NOD.scid mice recipient of diabetogenic splenocytes without any 
Treg cotransfer. However, neither expanded nor natural Tregs 
taken at 8 wk of age (intermediate cells) could confer protection 
against the disease, and the incidence of diabetes was similar 
that in animals that received the CD4 + CD25 - counterparts (Fig. 
c and d). Similarly, Tregs taken from protected 26-wk-old mice d 
not confer significant delay of diabetes relative to th< 
CD4 + CD25 - counterparts or the mice recipient of diabetogeni 
splenocytes without cotransfer (Fig. 5, e and/). Overall, these re- 
sults indicate that Tregs abruptly lose their suppressive function at 
8 wk of age and do not regain effectiveness by 26 wk of age. 
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FIGURE 4. lAA-positive mice treated with agg Ig-GADl develop 
Tregs, but do not delay their diabetes. Groups of female NOD mice (10/ 
group) positive for IAA were given an i.p. injection of 300 jig of agg 
Ig-GADl on the week of seroconversion as well as 7 and 14 days there- 
after. The splenic cells from one untreated control group (a) as well as one 
treated group (b) were analyzed for CD4 and CD25 expression by flow 
cytometry 1 wk after the last injection, c, Groups of IAA-positive mice 
were given agg or sol chimeras according to the regimen described in b, 
and the mice were monitored for blood glucose levels up to wk 30 of age. 
A group of IAA-positive mice that did not receive any injection at any time 
(Nil) was included to serve as a control, d, Splenic CD4 + CD25 + were 
isolated 3 days after completion of the treatment regimen, and 5 x 10 5 of 
these Tregs (IAA T ) were cotransferred with diabetogenic splenocytes into 
NOD.scid mice and tested for suppression of diabetes. For comparison 
purposes, NOD.jaW mice recipient of diabetogenic splenocytes alone (No 
Treg) or together with Tregs isolated at the end of wk 6 from NOD mice 
treated with agg Ig-GADl at wk 4, 5, and 6 of age (IAA") were included. 

Decline ofmTGF-fi expression on Tregs is responsible for loss 
of suppressive function 

To investigate the mechanism underlying the loss of suppressive 
function, we began by ascertaining that the Tregs have not lost 
their phenotypic characteristics. Therefore, the intermediate (8- 
wk-old) Tregs were analyzed for CTLA-4 (33, 34), CD62L (35), 
and Foxp3 (27, 28) expression and compared with their young 
counterparts. It is shown that CTLA-4 expression on intermediate 
Tregs, whether expanded or natural, was similar to levels in young 
counterparts (Fig. 6, a-c). Similarly, CD62L expression was as 
significant on the intermediates as on the young Tregs (Fig. 6, d-f). 
Real-time PCR analysis revealed that Foxp3 mRNA expression 
was comparable in the intermediate Tregs vs their young counter- 
parts (Fig. 6, g and h). Thus, the phenotypic characteristics of the 
Tregs were not altered over the transition from 6-8 wk of age. 

It is therefore logical to suspect a defect in the function of these 
cells. Because these expanded Tregs do not secrete detectable lev- 
els of either IL-10 or TGF-/3, it is likely that they conduct their 
suppressive function through physical contact (36). In recent years. 





FIGURE S. Young, but not intermediate or aged, Tregs suppress dia- 
betes. Splenic CD4 + CD25"*" (•) and CD4 + CD25~ (A) T cells from either 
untreated (Natural) or agg Ig-GADl-treated (Expanded) mice were isolated 
at wk 6 (a and b\ young), wk 8 (c and d; intermediate), or wk 26 (e and /; 
aged) of age. The cells were then coinjected i.v. with splenic cells derived 
from recently diabetic NOD females into recipient NOD.scid mice, and 
blood glucose levels were monitored every 7 days for a period of 56 days 
post-transfer. A group injected with diabetic splenocytes only (No transfer) 
was included for control purpose. Shown is the percentage of mice free of 
diabetes. These results are representative of two independent experiments. 



mTGF-/3 has been suspected to be a major player in cell contact- 
mediated suppression by Tregs (10-13). Furthermore, dominant 
negative expression of TGF-/3 receptor type II on target effector 
CD8 + Treg led to exacerbation of diabetes (14). The study then 
focused on analysis of surface expression of TGF-/3 on Tregs and 
its involvement in the functional discrepancy among young and 
intermediate Tregs. Accordingly, both young (6-wk-old) and in- 
termediate (8-wk-old) expanded Tregs were assessed for cell 
mTGF-/3. Fig. 7 shows that 39.0% of young expanded Tregs had 
mTGF-0. In contrast, only 12.1% of the intermediate population dis- 
played mTGF-j3 (Fig. 7, a and b). Similar finding was observed with 
natural Tregs, as mTGF-/3 expression was reduced from 30.0% on the 
young Tregs to just 1 1 .8% on their older counterparts (Fig. 7, c and d). 
Interestingly, Tregs from male NOD mice, which usually have lower 
incidence and delayed disease (37), did not decrease mTGF-/3 (Fig. 7, 
e and/). Indeed, 35.1% of the intermediate Tregs had significant 
mTGF-/3, and this does not seem to reflect diminished expression, as 
36.2% of the young Tregs also displayed mTGF-0. A decline in 
mTGF-|3 probably diminishes the suppressive function of Tregs. This 
statement emanates from the observation that blockade of mTGF-/3 
abrogates the suppressive function of young Tregs both in vitro and in 
vivo (Fig. 7, g and h). In fact, young Tregs reduced the proliferation 
of their CD4*CD25~ counterparts to allogeneic cells. However, the 
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FIGURE 6. Young and intermediate Tregs display similar phenotypic patterns. Splenic CD4 + T cells from either untreated (Natural) or agg Ig-GADl - 
treated (Expanded) mice were isolated at 6 wk (a and d; young) or 8 wk (f>, c, e. and/; intermediate) of age. CTLA-4 (a-c) and CD62L (d-f) cell surface 
expression was assessed on gated CD4 + CD25 + T cells by flow cytometry. The marker, Ml , represents the indicated percentage of cells positive for CTLA-4 
or CD62L g and h Young and intermediate CD4 + CD25 + T cells from untreated (Natural) and agg Ig-GAD-treated (Expanded) mice were isolated, and 
cytoplasmic RNA was used for analysis of Foxp3 mRNA expression by real-time PCR as described in Materials and Methods, The bars represent the fold 
increase in Foxp3 mRNA in CD4 + CD25 + relative to the CD4*CD25 counterpart. 



alloreactivity of these effector cells was restored when the young 
Tregs were coated with anti-TGF-j3 Ab, but not isotype control mlgG 
(Fig. Ig). In vivo, when the young Tregs were coated with anti- 
TGF-j3 Ab before cotransfer with diabetogenic splenocytes, the re- 
cipient NOD.scW mice developed diabetes (Fig. Ih). However, coat- 
ing with mlgG instead of anti-TGF-j3 sustained resistance against 
diabetes. Therefore, young NOD Tregs require the activity of 
mTGF-/3 to effectively suppress the function of effector cells. 

Taken together, these data indicate that an abrupt age-dependent 
loss of mTGF-j8 on Tregs lessens immune regulation of effector 



cells, leading to the onset of destructive insulitis and progression to 



Ig-GADl expressing aa sequence 524-543 of GAD65 expands 
Tregs upon administration to NOD mice in an agg form (Fig. 1). 
These Tregs display significant suppressive functions against ef- 
fector cells despite the lack of detectable secretion of IL-10 or 
TGF-j3. Treatment with agg Ig-GADl at the age of 4 wk reduced 
the spontaneous proliferative T cell responses that usually develop 
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FIGURE 7. A sudden decline in mTGF-j3 expression is responsible for 
the lack of effectiveness of intermediate Treg against diabetes. Splenic 
CD4 + T cells were isolated from agg Ig-GADl -treated (a and b; expanded) 
or untreated (c and d\ natural) mice at 6 wk {a and c; young) and 8 wk (b 
and rf; intermediate) of age. The cells were then tested for cell surface 
expression of TGF-/3 by flow cytometry. For comparison purposes, CD4 + 
T cells from untreated NOD male mice were also isolated at 6 wk (e) and 
8 wk (J) of age and tested for surface TGF-/3. The histograms were gated 
on double-positive CD4 + CD25 + T cells, g, Agg Ig-GADl -expanded 
young CD4 + CD25 + T cells were tested in vitro for suppression of their 
CD4 + CD25~ T counterparts in the presence of anti-TGF-/3 Ab using the 
allogeneic proliferation system described in Fig. 1. The CD4 + CD25 + and 
CD4 + CD25" T cells were used at a 1 : 1 ratio (200 X 10 3 cells/well for each 
type). The CD4 + CD25 + T cells were precoated for 2 h with 100 fig/ml 
anti-TGF-/3 Ab or mouse IgG isotype control before addition of allogeneic 
and target CD4 + CD25~ T cells. Each bar represents the mean ± SD of 
triplicate wells, h, Agg Ig-GADl -expanded young splenic CD4 + CD25 + T 
cells (500 X 10 3 cells/mouse) were precoated with anti-TGF-0 (Treg+anti- 
TGF-/3) or mouse IgG isotype control (Treg+mlgG), then coinjected i.v. 
with diabetogenic splenocytes into NOD.scid mice. Blood glucose levels 
were monitored weekly. A recipient group injected with diabetic spleno- 
cytes only (No Treg) was included as a control. 

in NOD mice and delayed diabetes (Fig. 2). Depletion of Tregs 
during administration of agg Ig-GADl resulted in a lack of pro- 
tection against diabetes. Moreover, titration of Tregs in the pro- 
tected animals indicated maintenance of the elevated frequency for 
the 30-wk period of clinical monitoring. Therefore, it appears that 
agg Ig-GADl-mediated delay of diabetes is dependent on Treg 
function. In fact, DC-expanded specific Tregs proved potent 
against diabetes (38). In addition, it seems likely that suppression 
of diabetogenic T cells by the Tregs is mediated by cell contact, 
rather than cytokines. This statement stems from the observations 
that Tregs were unable to secrete TGF-/3 or IL-10, and treatment 
with Ig-GADl was effective against diabetes in both IL-10 ' and 
IL-4 _/ ~ mice (Fig. 3). Surprisingly, however, treatment with agg 
Ig-GADl was not effective against diabetes in 8-wk-old, IAA- 
positive mice despite expansion of Tregs (Fig. 4). Functional anal- 



ysis of these mature cells indicated an inability to suppress passive 
diabetes, whereas counterparts expanded before IAA seroconver- 
sion protected against the disease. These findings, although puz- 
zling, suggested that young Tregs, which protect against the dis- 
ease and maintain a significant frequency thereafter, lose their 
suppressive functions over time and become unable to oppose the 
disease. In an attempt to explore this postulate, maturing Tregs 
were isolated at different ages and tested for protection against 
diabetes. The findings indicated that 6-wk-old Tregs, which we 
refer to as young Tregs, are endowed with suppressive functions 
and protect against passive diabetes (Fig. 5). These results agree 
with reports showing that young Tregs protect against aggressive 
diabetes mediated by islet diabetogenic T cells for even a longer 
period of time (35). In contrast, 8- and 26-wk-old Tregs, which we 
refer to as intermediate and aged Tregs, respectively, were unable 
to confer resistance against the disease (Fig. 5). The fact that nat- 
ural Tregs do not decline in number over time in naive untreated 
mice (Fig. 2) and protect against diabetes when tested as young, 
rather than intermediate or aged Tregs (Fig. 5), again indicates a 
time-sensitive loss of function. 

Analysis of the expression of Treg markers on these nonprotec- 
tive cells showed an unaffected phenotype, because CTLA-4, 
CD62L, and Foxp3 expressions were similar on young protective 
and older nonprotective Tregs, whether natural or expanded by agg 
Ig-GADl (Fig. 6). In the face of this dilemma, we resorted to 
exploring any involvement of mTGF-|3 in this loss of function by 
Tregs. Surprisingly, the young Tregs expressed significant levels 
of active mTGF-j3, but over a transition period of 2-3 wk, during 
which IAA seroconversion took place and an abrupt decline in 
mTGF-/3 expression transpired, persisting up to wk 26 of age (Fig. 
7). This decline was not observed with Tregs of male NOD mice 
and thus concurs with the protection observed with aged male 
Tregs (6). Interestingly, blockade of mTGF-0 by anti-TGF-/3 Ab 
abolished the suppressive function of young Tregs, leading to a 
lack of protection against diabetes. These findings indicate that a 
decline in mTGF-/3 during the transition to IAA seroconversion 
nullifies the suppressive function of Tregs. Thus, although the cells 
remain expandable by agg Ig-GADl and maintain a significant 
frequency, an abrupt loss of mTGF-jS during maturation drives a 
loss of function and a lack of protection against diabetes. These 
results suggest that Tregs are able to suppress pathogenic T cells 
up to wk 8 of age, then a loss of mTGF-j3 occurs, which nullifies 
their suppressive function, leading to a lack of protection at later 
stages of the disease. It should be noted, however, that this Treg 
functional impairment would not affect protected animals, because 
their pathogenic T cells have already been down-regulated. Given 
that mTGF-|3 has been implicated in Treg function (10-13), the 
age-dependent decline in its expression bodes well with the report 
describing a loss of function by Tregs at 16 wk of age (9). Also, 
this would provide a mechanism for circumstances under which 
disease eruption occurs despite the presence of an unaltered fre- 
quency of Tregs (6, 7). The abrupt transition for loss of function at 
8 wk of age may be critical for massive release of diabetogenic 
cells from suppression to ensure perpetuation of the 6- to 8-wk-long 
destructive insulitis and resultant onset of diabetes (39). Although, this 
observation sheds light on the loss of function by Tregs operating 
suppression through mTGF-/3, other mechanisms may be in place for 
cells operating through cell surface expression of GITR (40, 41), pro- 
duction of IL-10 (42, 43), or secreted TGF-/3 (44, 45). In fact, we 
found that Ig-INS/3, a chimera expressing INS/3 9 _ 23 peptide expands 
Tregs that produce IL-10 and protects young animals against diabetes 
(43). However, at later stages of the disease when the diabetogenic T 
cells reach the islets and become activated, IL-10 down-regulates their 
CTLA-4, thus hindering the CTLA-4 inhibitory pathway, to sustain T 
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cell activation and nullify the protective function of Tregs (43). Com- 
pensatory mechanisms seem to be available, however, because stim- 
ulation with anti-CD3 Ab at later stages of the disease mobilizes Tregs 
that secrete TGF-J3 and protects against the disease (44). Finally, these 
findings shed light on the efficacy of Ag- and cytokine-based ap- 
proaches against diabetes at early, but not later, stages of the disease. 
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IL-10 Diminishes CTLA-4 Expression on Islet-Resident T Cells 
and Sustains Their Activation Rather Than Tolerance 1 



Randal K. Gregg, 2 J. Jeremiah Bell, Hyun-Hee Lee, Renu Jain, Scott J. Schoenleber, 
Rohit Divekar, and Habib Zaghouanr 1 

EL-10, a powerful anti-Thl cytokine, has shown paradoxical effects against diabetes. The mechanism underlying such variable 
function remains largely undefined. An approach for controlled mobilization of endogenous IL-10 was applied to the NOD mouse 
and indicated that BL-10 encounter with diabetogenic T cells within the islets sustains activation, while encounter occurring 
peripheral to the islets induces tolerance. Insulin S-chain (TNS/J) 9-23 peptide was expressed on an Ig, and the aggregated (agg) 
form of the resulting Ig-ENSS triggered IL-10 production by AFCs, and expanded IL-10-producing T regulatory cells. Conse- 
quently, agg Ig-INS/3 delayed diabetes effectively in young NOD mice whose pathogenic T cells remain peripheral to the islets. 
However, agg Ig-BXS8 was unable to suppress the disease in 10-wk-old insulitis-positive animals whose diabetogenic T cells have 
populated the islets. This is not due to irreversibility of the disease because soluble Ig-INS/3 did delay diabetes in these older mice. 
Evidence is provided indicating that upon migration to the islet, T cells were activated and up-regulated CTLA-4 expression. 
EL-10, however, reverses such up-regulation, abolishing CTLA-4-inhibitory functions and sustaining activation of the islet T 
lymphocytes. Therefore, EL-10 supports T cell tolerance in the periphery, but its interplay with CTLA-4 sustains activation within 
the islets. As a result, BL-10 displays opposite functions against diabetes in young vs older insulitis-positive mice. The Journal of 
Immunology, 2005, 174s 662-670. 



Type 1 or insulin-dependent diabetes mellitus (IDDM) 4 is 
regarded as an immune-mediated disease in which the B 
cells of the pancreatic islets of Langerhans are destroyed 
as a consequence of inflammatory reactions triggered by activation 
of T cells specific for /3 cell-associated Ags (1, 2). The NOD 
mouse develops spontaneous diabetes that shares many of the fea- 
tures associated with human IDDM, providing a well-character- 
ized animal model for this complex autoimmune disease (3). In the 
NOD mouse model, like in human IDDM, self-reactive Thl cells 
play a major role in the initial stages of the disease (4). IL-10, a 
powerful anti-Thl cytokine, has in recent years shown variable 
effects against type 1 diabetes (5-9). The mode of delivery of the 
cytokine (5-7) as well as the age of the animals (8, 9) are believed 
to be contributing factors to the erratic behavior of IL-10. The 
question then is how IL-10 in the blood affects diabetes differently 
from IL-10 expressed in the islet. Also, how does IL-10 suppress 
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diabetes in young animals whose diabetogenic T cells remain pe- 
ripheral to the islets, but display no effectiveness in older animals 
whose diabetogenic T cells are spread both in the periphery and the 
islets? One potential response to these questions is that peripheral 
and islet-resident diabetogenic T cells display differential suscep- 
tibility to regulation by IL-10. The studies presented in this work 
devised a unique strategy for mobilizing and targeting endogenous 
IL-10 to diabetogenic T cells and attempted to explore this 
postulate. 

We have previously shown that expression of myelin peptides 
on Ig facilitates internalization through FcyR and increases peptide 
presentation to T cells (10). In addition, aggregation of the Ig- 
myelin chimera, which cross-links FcyR, induced IL-10 produc- 
tion by APCs and sustained effective suppression of experimental 
allergic encephalomyelitis (11-13). Recently, IL-10 has been 
shown to serve as a growth factor for T regulatory (Treg) cells (14, 
15). In fact, in vitro (16) as well as in vivo (17) regimens using 
IL-10 successfully induced Treg cells that produce IL-10 and sup- 
port tolerance against pathogenic T cells. 

In this study, the I-A s7 -restricted insulin B-chain (INS/3) 9-23 
peptide (18, 19) was genetically engineered into the V region of an 
Ig molecule, and the resulting Ig-INSj3 was aggregated (agg) and 
tested for induction of IL-10-producing Treg cells and suppression 
of diabetes. Both young NOD mice that have not progressed to 
insulitis and older animals positive for insulin autoantibody (IAA), 
which is indicative of insulitis, were included in the studies. The 
results indicate that agg Ig-INSB induced IL-10 production by 
APCs and sustained the development of IL-10-producing Treg 
cells in vivo. Moreover, when given to 4-wk-old NOD mice, agg 
Ig-INSB suppressed diabetogenic T cells and protected the mice 
against diabetes. This effect is most likely due to down-regulation 
by IL-10 from APCs and/or Treg cells because: 1) soluble (sol) 
Ig-INS/3, not inducing IL-10, was less effective against the disease; 
2) agg Ig-INSj3 was unable to protect young IL-10-deficient mice 
from diabetes; and 3) depletion of Treg cells at young age also 
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hinders agg Ig-INSj3-mediated delay of the disease. Surprisingly, 
however, agg Ig-INS/3 was unable to delay diabetes in IAA-pos- 
itive mice despite the fact that the disease remained reversible as 
the sol form of Ig-MS/3 was able to reverse it Evidence is pro- 
vided indicating that T cells up-regulate CTLA-4 upon migration 
to the islets and agg Ig-INS/3 reversed such expression both in 
vitro and in vivo through APC and/or Treg cell-derived DUO. The 
end result is sustained activation of the diabetogenic T cells. Given 
the fact that IAA-positive IL- 10~ /_ mice were able to reverse their 
diabetes upon treatment with agg Ig-!NS« it is suggested that 
down-regulation of CTLA-4 by IL-10 nullifies its inhibitory func- 
tions and sustains T cell activation and lack of protection against 



Materials and Methods 



NOD (H-2» 7 ) and NOD.scid mice were purchased from The Jackson Lab- 
oratory, and IL-10-deficient 0L-1O"'-) NOD mice were previously de- 
scribed (20). The experimental procedures performed on these animals 



Assessment of diabetes 

Mice are bled from the tail vein weekly, and the blood samples are used to 
assess glucose content using test strips and an Accu-Chek Advantage mon- 
itoring system (Roche Diagnostics). A mouse is considered diabetic when 
the blood glucose is above 300 mg/dl for 2 consecutive wk. 

Antigens 

Peptides. All peptides used in this study were purchased from Metabion 
and purified by HPLC to >90% purity. INS/3 peptide encompasses the 
diabetogenic INS/3 9-23 amino acid sequence (SHLVEALYLVCGERG). 
Glutamic acid decarboxylase 2 (GAD2) peptide corresponds to aa residues 
206-220 (TYEIAPVFVLLEYVT) of GAD65 (21). Hen egg lysozyme 
(HEL) peptide encompasses a nondiabetogenic epitope corresponding to aa 
residues 11-25 (AMKRHGLDNYRGYSL) of HEL (22). INS/3, GAD2, 
and HEL peptides are presented to T cells in association with I-A" MHC 
class II molecules. 

Ig chimeras. Ig-INS/3, Ig-GAD2, and Ig-HEL express INS/3, GAD2, and 
HEL peptide, respectively. Insertion of INSfl, GAD2, and HEL nucleotide 
sequences into the CDR3 of the H chain V region of the 91 A3 IgG2b. k Ig 
was conducted as described (10). Large-scale cultures of transfectoma cells 
were conducted in DMEM medium containing 10% iron-enriched calf se- 
rum (BioWhittaker). Purification of the chimeras was conducted on sepa- 
rate columns of rat anti-mouse K-chain mAb coupled to CNBr-activated 4B 
Sepharose (Amersham Biosciences). Aggregation of the Ig chimeras was 
conducted by precipitation with 50% saturated (NHJjSO,,, as described (1 1). 

T cell lines 

T cell lines specific for INS/3, GAD2, and HEL peptides were generated by 
immunizing NOD mice s.c. with 100 jig of peptide in CPA and in vitro 
peptide stimulation, followed by resting, as described (1 1). These lines are 
of Thl-type T cells and produce IFN-y, but not IL-4 or IL-10 upon stim- 
ulation with the corresponding peptide or sol Ig chimera (data not shown). 

Isolation of T cells 

CD4 and CD8 T lymphocytes were isolated from splenic or islet cells by 
positive selection on Miltenyi (Miltenyi Biotec) raicrobeads, according to 
the manufacturer's instructions. Isolation of islet CD4 and CD8 T cells was 
performed, as described (23). Isolation of splenic CD4 + CD25 + T cells was 
conducted by negative selection of CD4 T cells, followed by positive se- 
lection by anti-CD25 Ab coupled to microbeads, according to Miltenyi's 



ducted by floating the cells on a dense BSA gradient as for the DC, and the 
cells were washed in plain culture medium and used in presentation assays. 
These APCs are designated BSA-APCs. 

Flow cytometry analyses 

For staining of CD4 + CD25 + T ceils, purified splenic CD4T cells (I X 10 6 
cell/ml) were incubated with anti-CD4-FITC and anti-CD25-APC or iso- 
type control rat IgGl APC for 30 min at 4°C and washed with buffer. The 
cells were then fixed with 2% formaldehyde for 20 min at 25°C and then 
analyzed. Events (30-50 X 10 3 ) were collected on a FACSVantage flow 
cytometer (BD Biosciences) and analyzed using CellQuest software 3.3 
(BD Biosciences). Staining for CTLA-4 was conducted, as follows: puri- 
fied islet and splenic CD4 T cells (1 X 10 s cells/ml) were incubated with 
anti-CTLA-4-PE or isotype control hamster IgGl for 2 h at 37°C, followed 
by anti-CD4-FITC for 30 min at 4°C. The cells were then washed, fixed 
with 1% formaldehyde, and analyzed on a FACSVantage flow cytometer, 

Proliferation assays 

For T cell line proliferation assay, irradiated (3000 rad) NOD female 
splenocytes (5 X 10 s cells/50 /il/well) were incubated with graded 
amounts of either Ig-INS/3 or Ig-HEL (100 /*l/well), and 1 h later INS/3- 
specific T cells (5 X 10" cells/well/50 pX) were added. After 72 h, 1 >*Ci 
of [ 3 H]thymidine was added per well, and the culture was continued for an 
additional 14.5 h. The cells were then harvested on a Trilux 1450 Micro- 
beta Wallac Harvester, and incorporated [ 3 H]thymidine was counted using 
the Microbeta 270.004 software (EG & G Wallac). 

For evaluation of T cell responses in vivo, purified splenic CD4 T cells 
(2.5 X 10 5 cell/well) isolated from 16-wk-old untreated or agg lg-INS/3- 
treated mice were stimulated with irradiated (3000 rad) BSA-APCs (5 x 
10 s cells/well) and 30 /u.g/ml peptide, and proliferation was measured, as 

ab For proliferation of Treg cells, purified CD4+CD25* and CD4+CD25" 
T cells (2 X 10 s cells/well) were incubated for 72 h with 18 pM INS/3 or 
HEL and irradiated (3000 rad) BSA-APCs (4 X 10 s cells/well), and pro- 



T cell cytokine assays 

A0 cytokine analyses were done by ELISA using anti-cytokine Abs from 
BD Pharmingen, as described (13). 



Isolation of APCs 

Splenic dendritic cells (DC) were purified, according to a standard colla- 
genase/differential adherence method (13). Briefly, the spleen was dis- 
rupted in a collagenase solution, and isolated DC floated on a dense BSA 
gradient. Subsequently, the cells were allowed to adhere to petri dishes for 
90 min at 37°C, washed, and incubated overnight. The DC were then har- 
vested and further purified on anti-CDllc-coupled microbeads, according 
to Miltenyi's instructions. Partial purification of splenic APCs was con- 



Analysis of the effect of APCs IL-10 on IFN-y production was done as 
follows: the T cell line (0.2 X 10 5 cells/well) was incubated with purified 
NOD splenic DC (5 X 10 4 cells/well) and Ig chimeras for 24 fi, and IFN-y 
as well as IL-10 were measured by ELISA. In some experiments, blockade 
of IL-10 was performed by supplementing the culture with 40 ^g/ml anti- 
IL-10 Ab JES5-2A5. The isotype control used 40 /ig/ml rat IgG. 

For evaluation of cytokine T cell responses in vivo, purified splenic CD4 
T cells (2.5 X 10 5 cell/well) isolated from 16-wk-old untreated or agg 
Ig-INSP-treated mice were stimulated with irradiated (3000 rad) BSA- 
APC (5 X 10 5 cells/well), and 30 ^g/ml peptide and IFN-y as well as IL-10 
were measured by ELISA after 48-h incubation. 

For assessment of IL-10 production by Treg cells, purified CD4+CD25* 
andCD4 + CD25"Tcells(2 X 10 s cells/well) were incubated for48h with 
10 ftg/ml plate-bound anti-CD3 Ab (2C1 1), and the cytokine was measured 
by ELISA. 

For evaluation of IFN-y production by islet-resident T cells, bulk islet 
cells (5 X 10 5 cells/well) were stimulated with 18 pM INS/3 peptide or 1 
lM Ig chimeras for 48 h, and IFN-y was measured by ELISA. In the case 
of purified islet lymphocytes, the CD4 or CD8 T cells (2 X 1 0 s cells/well) 
were incubated with irradiated BSA-APCs (5 X 10 5 cells/well) and 1 pM 
Ig chimeras. IFN-y was measured 48 h later by ELISA. 

RT-PCRfor Foxp3 expression 

Total RNA was extracted from cells using TRIzol reagent and used to 
determine relative mRNA levels of forkhead/winged helix transcription 
factor gene (Foxp3). Reverse transcription and DNA amplification were 
performed using 300 ng of total RNA, 100 ng of Foxp3 and 0-actin primers 
(24), and the QuantiTect SYBR Green RT-PCR kit from Qiagen, as de- 
scribed (25). 

Adoptive transfer 

CD4*CD25 + and CD4 + CD25" T cells were purified from the spleen of 
6-wk-old agg Ig-INS/3-treated mice, and 5 X 10 5 cells were cotransferred 
i.v. with 10 X 10 6 diabetic splenocytes into NOD.scid mice (4-8 wk of 
age). The animals were monitored for blood glucose levels weekly. 
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Depletion ofTreg cells 

For depletion of CD25* T cells in vivo, NOD mice were given 1 rag/mouse 
anti-CD25 mAb (PC61) alone or concurrently with agg Ig-INSp injection. 
Rat IgG (1 mg/mouse) was used as a control. 

Detection oflAA 

The following was conducted by ELBA: microliter plates were coated 
with 50 aaI of sodium bicarbonate solution (pH 9.6) containing 10 fig/ml 
porcine insulin (Sigma- Aldrich) for 16 h at 4°C. The plates were then 
washed three times with PBS-0.05% Tween 20 and saturated with 2.5% 
casei! «>< >.C1 H T, , ? h Smm samples (1/200 dilutions) were 

then added for 16 h at 4°C, followed by biotin-conjugated rat anti-mouse 
k mAb (100 jxl at 1 /xg/ml). The plates were then incubated with avidin 
peroxidase (2.5 mg/ml) for 30 min at 25'C, and the assay was revealed by 
addition of ABTS substrate. The samples were read at 405 nm on a Spec- 
tramax 190. A sample is considered IAA positive when the OD^ is >0.2. 
This cutoff line of 0.2 was chosen because serum samples from 10 STL 
mice, which are nonprone to diabetes development and presumably do not 
produce insulin-specific autoantibodies, never exceeded 0.05 OD«o 5 (4-fold 
less than cutoff). 
Statistical analysis 

The x* test was used for data analysis among experimental and control 
groups. Cytokine levels were compared using Student's t test for unpaired 

Results 

Agg Ig-INSp triggers IL-10 production by APCs and supports 
the development ofTreg cells 

Recent studies have revealed that delivery of myelin peptides on 
Igs enhances presentation to T cells (12). Moreover, aggregation of 
Ig-myelin chimeras induced IL-10 production by APCs and sus- 
tained effective down-regulation of myelin-reactive T cells (11, 
13). Because IL-10 can serve as a growth factor for Treg cells (14), 
delivery of self peptides on IL-10-inducing agg Igs could support 
the development of Treg cells and sustain additive tolerogenic 
functions that should be effective against complex autoimmunity 
such as type 1 diabetes. To test this premise, the I-A^-restricted 
diabetogenic INS/3 peptide was expressed on an Ig and the result- 
ing Ig-INS/3 chimera was tested for presentation to INS/3-specific 
T cells, triggering of IL-10 production by APCs, and induction of 
Treg cells. Fig. 1A shows that Ig-INS/3, but not the control Ig- 
HEL, induced significant proliferation of INS/3-specific T cells. 
These results indicate that Ig-INS/3 was taken up by the APCs and 
processed, and an INS/3 peptide was generated and presented to T 
cells. Also, agg, but not sol Ig-INS(3 induced IL-10 production by 
DC (Fig. IB). As IL-10 can serve as a growth factor for Treg cells 
(14, 15), treatment with agg Ig-INS/3 may support the development 
of Treg cells in vivo. Fig. 1, C and D, shows that agg Ig-INS^ 
increased CD4 + CD25 + T cells from 4.4% in untreated to 7.1% in 
agg Ig-INSB-treated nondiabetic NOD mice. Moreover, these 
CD4 + CD25 + T cells had increased Foxp3 mRNA expression rel- 
ative to their CD4 + CD25" counterparts (Fig. IE), but displayed 
reduced proliferation upon stimulation with INS8 peptide (Fig. 
IF). CD4 + CD25 + T cells from untreated mice also had 4-fold 
higher Foxp3 expression (data not shown). Interestingly, stimula- 
tion with anti-CD3 Ab induced increased IL-10 production by the 
expanded relative to the natural CD4 + CD25 + T cells or the 
CD4 + CD25" counterparts (Fig. IG). The lack of increased IL-10 
production by the natural CD4 + CD25 + T cells may be related to 
lower frequency of IL-10-producing cells among this heteroge- 
neous population, while treatment with agg Ig-INS/3 specifically 
expands IL-10-producing T cells. Finally, upon transfer to NOD. 
scid mice, the CD4 + CD25 + , but not CD4 + CD25 _ T cells con- 
ferred protection against passive diabetes mediated by diabeto- 
genic splenocytes (Fig. 1H). Thus, these CD4 + CD25 + T cells 
represent Tregs rather than activated CD4 + T cells because they 
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FIGURE 1. Agg Ig-INS/3 expands IL-10-producing Treg cells. A, Pre- 
sentation of Ig-INS/3 and the control Ig-HEL to INSjS-specific T cells by 
irradiated splenic NOD APCs was assessed by [ 3 H]thymidine incorpora- 
tion. B, The ability of agg and sol Ig-INS/3 to induce IL-10 production by 
DC was measured by incubating 100 X 10 5 purified DC and measuring the 
cytokine 24 h later by ELISA. Each point represents the mean of triplicate 
wells. Detection of splenic CD4'*"CD25 + T cells from 16-wk-old NOD 
mice untreated (Q or treated (£>) with agg Ig-INS/B at weeks 4, 5, and 6 of 
age was assessed by flow cytometry. Foxp3 mRNA expression (£) and 
proh'feration (f) of CD4 + CD25 + T cells in comparison with their 
CD4 + CD25" counterparts were analyzed by real-time PCR and [^thy- 
midine incorporation, respectively. For proliferation, both INS/3 and the 
control HEL peptides were presented on irradiated NOD splenocytes. Each 
bar represents the mean ± SD of triplicates. G, Illustrates production of 
IL-10 by agg Ig-INS/3-expanded and natural (Nil) CD4 + CD25* T cells in 
comparison with their CD4 + CD25~ counterparts upon stimulation with 
plate-bound anti-CD3 Ab, as measured by ELISA. The bars represent the 
mean ± SD of triplicates. H, Agg Ig-INS/3-expanded splenic CD4 + CD25 + 
and CD4*CD25" T cells were coinjected with diabetic splenocytes into 
NOD.scid mice, and blood glucose levels were monitored weekly. A re- 
cipient group injected with diabetic splenocytes only (No transfer) was 
included as a control. Shown is the percentage of mice free of diabetes. 



have higher Foxp3 expression relative to their CD4 + CD25~ coun- 
terparts as did CD4 + CD25 + T cells from untreated mice, were not 
proliferative upon stimulation with INS/3 peptide, and suppressed 
diabetes upon transfer into NOD.scid mice along with pathogenic 
splenocytes, Overall, these results indicate that agg Ig-INS£ sup- 
ports the development of IL-10-producing Treg cells endowed 
with suppressive functions. 

Agg Ig-INSp suppresses T cell responses 
IL-10 produced by the DC upon presentation of agg Ig-INS0 dis- 
plays down-regulatory functions on the activation of specific T 
cells engaged to the DC through INS/3 peptide. Indeed, when an 
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INS0-specific Thl cell line was incubated with DC and agg Ig- 
INS/3, the secretion of IFN-7 by the T cell line decreased as pro- 
duction of IL-10 by the DC increased (Fig. 2A). Such down-reg- 
ulation of IFN-y did not occur with sol Ig-INS/3, which did not 
induce IL-10 secretion by the DC (Fig. 2S). Neutralization of 
IL-10 during stimulation with agg Ig-INS/3 restores IFN-y produc- 
tion by the T cells (Fig. 2Q. 

In vivo, when NOD mice were given agg Ig-INS£ at a young 
age and then tested for T cell responses at a later time point, there 
was effective suppression of proliferation and IFN-y production 
(Fig. 2, D and ^."Untreated mice, whether diabetic or not, devel- 
oped significant proliferation and IFN-y production upon stimula- 
tion with INS/3, but not HEL peptide. Interestingly, agg Ig-INS/3- 
treated, but not untreated mice developed IL-10 responses upon 
stimulation with INS/3, but not HEL peptide (Fig. 2F). Overall, 
these findings indicate that agg Ig-INS/3 induces tolerance of di- 
abetogenic T cells most likely through IL-10 from APCs and/or 
Treg cells. 

Agg Ig-INSP delays diabetes in young NOD mice through 
IL-IO-producing Treg cells 

Agg Ig-INS/3 was then tested for protection of young NOD mice 
against diabetes. Accordingly, animals were given agg Ig-INS0 at 




FIGURE 2. Agg Ig-lNSp down-regulates INS/3-specific T cells both in 
vitro and in vivo. Down-regulation of INS/3-specific Thl cell line in vitro 
by agg (A) or sol Ig-INS/3 (B) was assessed by measurement of IFN-y 
using ELISA. IL-10 production by the presenting DC was also measured in 
the same culture well by ELISA. C, The effect of DCs IL-10 on IFN-y 
secretion by the Thl cell line was assessed by stimulation with graded 
amounts of agg Ig-INSP in the presence of 40 p.% of anti-IL-10 Ab or rat 
IgG control. Each bar represents the mean ± SD of triplicates. D-F, Mice 
were untreated (Nil) or given 300 p.g of agg Ig-INS/3 (Agg Ig-INS0) at 
weeks 4, 5, and 6 of age, and their responses were analyzed on week 16. 
The analysis used purified splenic CD4 T cells that were stimulated with 
INS/3 or HEL peptide presented on BSA-APCs. Splenic cells from un- 
treated diabetic (Nil/dia) mice were included for comparison purposes. The 
proliferative responses (Z» were measured by [ 3 Hlthymidine incorporation, 
while IFN-y (£) and IL-10 (F) production were assessed by ELISA. 



the preinsulitis stage (weeks 4, 5, and 6 of age), and the mice were 
monitored for blood glucose weekly up to week 26. As shown in 
Fig. 3A, agg Ig-INS/3 delayed diabetes in all mice, except one up 
to week 20. Such delay remained significant by week 26, at which 
point only 30% of the mice had high blood glucose levels, while 
80% of the untreated mice became diabetic. It is worth noting that 
agg Ig-HEL displayed a significant delay of diabetes up to week 
16. Because Ig-HEL is made of the same Ig backbone (IgG2b 
isotype) as Ig-INS/3 and upon aggregation cross-links FcyR on the 
presenting cells and induces IL-10 production by APCs, such a 
delay is most likely due to IL-10 bystander suppression. In fact, we 
have previously observed similar bystander suppression unrelated 
to Ag specificity with Ig-myelin chimeras (1 1-13). In contrast, sol 
Ig-INS/3, which does not induce IL-10 by APCs, was not as ef- 
fective as agg Ig-INS/3 in delaying the onset of diabetes (Fig. 3fl). 
Although no animals were hyperglycemic by week 16 of age and 
some delay persisted until week 20, most of the mice became 




Age (weeks) 



FIGURE 3. Expansion of CD4 1 'CD25 + IL-IO-producing T cells is re- 
quired for effective suppression of diabetes in young NOD mice. Female 
NOD mice (10 per group) were given an i.p. injection of a saline solution 
containing 300 fig of either agg (A) or sol Ig-INSp or Ig-HEL (B) at weeks 
4, 5, and 6 of age, and then monitored for blood glucose levels weekly up 
to 26 wk of age. A group of mice that did not receive any injection (Nil) 
was included for control purposes, C, Groups (I0 mice per group) of fe- 
male wild-type (WT) and IL-10 - '" NOD mice were given agg Ig-INS/3 
according to the same treatment regimen and monitored for blood glucose 
levels. A group of IL-IO"'- mice that did not receive any treatment with 
agg Ig-INS/3 was included for control purposes. D, Groups (10 mice per 
group) of mice were given agg Ig-INS/3 according to the same treatment 
regimen, except that each injection was accompanied by 1 mg of anti- 
CD25 Ab or rat IgG control. A group of mice given anti-CD25 Ab without 
agg Ig-INS/3 was included to serve as control, a, p < 0.05 compared with 
untreated mice; b, p < 0.05 compared with IL-10-'-/agg Ig-INS/3-treated 
mice; c, p < 0.05 compared with untreated mice. 



666 



IL-10 INTERPLAY WITH CTLA-4 SUSTAINS DIABETES 



diabetic by week 26. Sol Ig-HEL did not display any significant 
delay of diabetes onset, indicating that the effect observed with 
Ig-INSB is Ag specific. The role of IL-10 against diabetes at this 
young age became evident when agg Ig-INS/3 was unable to delay 
the onset of diabetes in NOD mice deficient for IL-10 (Fig. 3Q. 
Indeed, the incidence of diabetes was similar in agg Ig-INS/3- 
treated and untreated IL-10 - ' - NOD mice, but significantly higher 
than in the treated wild-type mice. Interestingly, when depleting 
anti-CD25 Ab accompanied the treatment, delay of disease did not 
occur (Fig. 3D). Indeed, the incidence of diabetes increased from 
20 to 50% at weeks 20 and 30 to 70% at week 26 in animals treated 
with agg Ig-INS/3 + rat IgG vs agg Ig-INS/3 + anti-CD25 Ab. 
These results indicate that agg Ig-INS/3, which sustains IL-10 pro- 
duction from both APCs and Treg cells, down-regulates diabeto- 
genic T cells and effectively protects young mice against diabetes. 

Endogenous IL-10 opposes protection against diabetes upon 
treatment of lAA-positive mice with agg Ig-INS/3 
Recently, it has been shown that IAA can be used as a marker for 
insulitis (26) and prediction of type 1 diabetes in young NOD mice 
(27). Similarly, among 58 female NOD mice that seroconverted to 
IAA production at the age of 8-1 1 wk, 84% had become diabetic 
by 30 wk of age, suggesting that our assay for detection of auto- 
antibody is reliable and supports the notion that IAA can predict 
both diabetes (27) and most certainly insulitis (26). This offers a 
reference point to evaluate agg Ig-INSB for reversal of diabetes at 
an early stage of the disease. Accordingly, NOD mice were given 
agg Ig-INSB upon IAA seroconversion, as indicated, and moni- 
tored for blood glucose levels up to week 26 of age. Surprisingly, 
no significant delay of disease was observed, and the incidence of 
diabetes was similar in the mice treated with agg Ig-INS/3 and 
Ig-HEL (Fig. 4A). The sol Ig-INS/3 though showed some delay on 
week 20 relative to untreated or sol Ig-HEL-fxeated mice (Fig. 4fl). 
Moreover, when a continuous treatment regimen was applied, a 
significant delay of the disease was observed with the sol, but not 
the agg form of Ig-INS/3 (Fig. 4, C and D). Indeed, only 20% of sol 
Ig-INSB-treated mice developed diabetes by week 20, and such a 
delay remained significant as only an additional 10% of mice be- 
came diabetic by 26 wk of age (Fig. 4D). The delay is Ag specific, 
as Ig-HEL had no significant delay or protection against diabetes 
at any time point and Ig-HEL-treated animals had a similar pattern 
of disease as the untreated mice. The disease pattern observed in 
agg Ig-INSB-treated groups was also comparable to those seen 
with untreated or Ig-HEL-treated mice (Fig. 4Q. Histological 
analysis at week 26 indicated that the mice treated continuously 
with sol Ig-INS/3 and remaining free of diabetes had islet infiltra- 
tion, but to a lesser extent than mice given sol Ig-HEL (Fig. 4£). 
The lack of efficacy of agg Ig-INS/3 against diabetes was not due 
to irreversibility of the disease, but most likely to endogenous 
IL-10 induced by agg Ig-INS/3. This statement is supported by the 
observation that IAA-positive IL-10 - ' - mice reverse their diabe- 
tes upon treatment with agg Ig-INS/3, while the untreated mice do 
not (Fig. 4F). Indeed, the incidence of diabetes in these mice was 
30% at week 26 of age, while the untreated animals had 70% 
incidence like wild-type NOD mice treated with agg Ig-INSB. 
Overall, these results indicate that agg Ig-INS/3 is not effective 
against diabetes upon IAA seroconversion most likely due to an 
undefined regulatory function of IL-10. 

Agg lg-INS$ stimulates rather than tolerizes islet-resident 
T cells 

IL-10 has been ineffective against diabetes when expressed locally 
in /3 cells (5). Similarly, mobilization of IL-10 by agg Ig-INS/3 is 
also ineffective against the disease after IAA seroconversion, a 




FIGURE 4. Treatment of diabetes in lAA-seropositive mice is much more 
effective when the regimen is devoid of IL-10. Mice (10 per group) that tested 
positive for IAA between the age of 8 and 11 wk were given an i.p. injection 
of 300 ne of agg (A) or sol (B) Ig-INSp (■) or Ig-HEL (E& on the week of 
seroconversion, as well as 7 and 14 days later. Other groups of mice were 
given a weekly injection of agg (Q or sol (£>) Ig-INS/3 (■) or Ig-HEL (@) up 
to week 12. Subsequently, these mice received another 300 ng of Ig chimera 
every 2 wk until the age of 24 wk. This regimen is referred to as continuous 
treatment regimen. All mice were monitored for blood glucose from weeks 1 2 
to 26 of age. An untreated group of mice (Q) was included in all experiments 
for comparison purposes. E, Shows an H&E staining of islet sections and the 
percentage of noninfiltrated islets in the IAA-positive mice treated continu- 
ously with sol Ig-INS/3 or Ig-HEL. The histological analyses illustrated in E 
were performed on nondiabetic mice at week 26 of age. F, Groups of IAA- 
positive IL-10"' - female NOD mice were subject to a continuous treatment 
regimen with agg Ig-INS/3 (IL-10~'~/Agg Ig-INS/3), and their incidence of 
diabetes is compared with untreated IL-10"'" (IL-10"'"/Untreated) as well as 
wild-type NOD female mice treated with agg Ig-INS/3 (WTYAgg Ig-INS/3). a, 
p < 0.05 compared with untreated mice; b, p < 0.05 compared with WT/agg 
Ig-INS/3-treated mice. 



stage in which diabetogenic T cells would have migrated to the 
islets. One possible interpretation of these observations is that islet 
T cells are resistant to the modulatory function of IL-10. To test 
this premise, splenic (peripheral) and islet cells from diabetes-free 
12-wk-old naive NOD mice were stimulated with agg Ig-INS/3 and 
their IFN--y responses were measured. Fig. 5 shows that agg Ig- 
INS/3 reduced IFN-y responses by the splenic cells, while the sol 
form of Ig-INS/3 as well as free INS/3 peptide did not (Fig. 5A). 
Addition of IL-10, however, reduced the response of the cells 
against free INS/3 and sol Ig-INS/3 to levels similar to those ob- 
served with agg Ig-INS/3. In contrast, agg Ig-INS/3 stimulated sig- 
nificant IFN-7 responses by islet cells, while the sol form and free 
peptide did not (Fig. SB). Interestingly, exogenous IL-10 boosts 
free INS/3 and sol Ig-INSB to support significant IFN-y responses 
by the otherwise unresponsive islet cells. Neutralization of IL-10 
with an anti-IL-10 Ab during stimulation with agg Ig-INSB inhib- 
its the IFN--V responses by islet cells, while isotype-matched con- 
trol Ab did not (Fig. 5Q. Because islet infiltration includes CD8 
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FIGURE 5. Islet INSB-specific T cells develop WN-y responses upon 
stimulation with Ag in the presence of IL-lti, while splenic T cells undergo 
down-regulation. Whole splenic (A) and islet (B) cells from 12-wk-oId 
NOD female mice were stimulated with 18 /iM INS/3, 1 ftM agg, or sol 
Ig-INS0 in the absence or presence of 1 ng of rIL-10, as indicated, and 
their IFN-7 responses were measured. C, The stimulation of islet cells was 
conducted in the presence of 40 tig of anti-IL-10 Ab or isotype control rat 
IgG. D, Purified islet CD4 and CDS T cells were incubated with BSA- 
APCs and 1 juM agg or sol Ig-INS/3 with or without 40 /ig/ml anti-IL-10 
Ab. In all experiments, the incubation lasted 48 h, and cytokine measure- 
ment was done by ELISA using 100 pi of culture supernatant Each bar 
represents the mean ± SD of triplicates after deduction of background 
levels obtained from cultures without Ag stimulation. These background 
levels were 3- to 8-fold lower than sol Ig-INSj3 for the spleen (A) or agg 
Ig-INSP for the islets cells (B-D). », p < 0.05 compared with sol Ig-INS/3; 
**, p < 0.01 compared with sol Ig-INS/3. 



among other T cells (28), the EMS0 peptide contains a CD8 epitope 
(29, 30), and IL-10 has been shown to stimulate CD8 T cells (31), 
the EFN-y responses obtained with islet cells could be due to cross- 
presentation of agg Ig-INS/3 to CD8 T cells. Therefore, bulk islet 
cells were fractionated into CD4 and CD8 T cells, and stimulation 
with agg Ig-INS/3 was reassayed. The results in Fig. 5D indicate 
that the postulate is incorrect, and CD4, but not the CD8 T cells 
were able to produce IFN-7 upon stimulation with agg Ig-INS/3. 
Furthermore, neutralization of IL-10 with an anti-IL-10 Ab inhibits 
IFN-y responses by the CD4 T cells. These data indicate that islet 
and peripheral INSj3-specif]c CD4 T cells display differential sus- 
ceptibility to IL-10. 

Agg Ig-lNSp down-regulates CTLA-4 expression on islet T cells 
through endogenous IL-10 

Upon migration to the islets, T cells would be exposed to Ag and 
undergo activation. Hypothetically, these cells would up-regulate 
CTLA-4 to deliver negative signals and control such activation 
(32, 33). IL-10 may down-regulate CTLA-4 to interfere with its 
inhibitory function and sustain activation of islet-resident T cells. 
Indeed, Fig. 6 shows that in the spleen of unmanipulated 12-wk- 
old mice, only 2.5% of CD4 T cells express surface CTLA-4 (Fig. 
6A), while in the islets CTLA-4 expression was seen on 1 1 % of the 
resident CD4 T cells (Fig. 68). Interestingly, stimulation of the 
islet CD4 T cells with agg Ig-INS/3 in the presence of anti-CTLA-4 
Ab inhibited stimulation of IFN-y production, while isotype con- 
trol Ab did not (Fig. 6Q. Moreover, anti-CTLA-4 Ab did not 
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FIGURE 6. IL-10 reverses up-regulation of CTLA-4 expression upon 
treatment with agg Ig-INS/3. A and B, Splenic and islet CD4 T cells were 
purified by positive selection on anti-CD4 Ab-coated Miltenyi microbeads 
and stained with anti-CD4-FITC and PE-conjugated anti-CTLA-4 Ab or 
isotype control hamster IgG. The cells were gated on CD4 and analyzed for 
binding of anti-CTLA-4 or isotype control hamster IgG. The marker, MI, 
represents the cells positive for CTLA-4. C, Purified islet CD4 T cells were 
incubated with BSA-APCs and 1 u.M agg or sol Ig-INSj3 with or without 
100 fig/ml anti-CTLA-4 Ab, then IFN-y was measured by ELISA. The 
4F10 Ab used here triggers rather than blocks the CTLA-4-inhibitory path- 
way. Each bar represents the mean ± SD of triplicates. D, The islet CD4 
T cells were incubated with BSA-APCs and a 1 j*M mixture of either agg 
or sol Ig-INS/3 + Ig-GAD2 (1/1) in the presence or absence of 1 ng of 
rIL-10. The cells were then stained with ann'-CD4-FITC and anti-CTLA-4- 
PE and analyzed as in A and B. For investigation of in vivo down-regula- 
tion of CTLA-4 by agg Ig-INS/3, IAA-positive NOD female mice were 
untreated (£), given a three-injection regimen (as in Fig. 4A) of agg Ig- 
INS0 alone (F), agg Ig-INS/3 accompanied by anti-IL-10 Ab (500 ng/ 
injection), (G) or sol Ig-INS/3 (H). Seven days later, the splenic CD4 T 
cells were purified and stained with anti-CD4 and anti-CTLA-4, as above. 



confer stimulatory function to sol Ig-INS/3, indicating that signal- 
ing through, rather than blockade of, CTLA-4 is the operative 
mechanism in this setting. 

To test whether IL-10 interferes with expression of CTLA-4, 
islet CD4 T cells were stimulated with a mix (Ig-INS)3 and Ig- 
GAD2) of Ig chimeras, and CTLA-4 expression was assessed. The 
addition of Ig-GAD2 together with Ig-INS/3 in this assay is to 
maximize the number of specific CD4 T cells for analysis of 
CTLA-4 expression upon stimulation with Ag. Strikingly, the re- 
sults depicted in Fig. 6D show that stimulation of islet T cells with 
agg chimeras significantly reduced the expression of CTLA-4. 
However, such a reduction did not occur with sol chimeras, but 
addition of IL-10 to the culture supported CTLA-4 down-regula- 
tion by the sol chimeras. In vivo, CTLA-4 expression on islet T 
cells was reduced from 8.3% in untreated mice to 3.1% in agg 
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Ig-INS/3-treated animals (Fig. 6, E and F). In fact, when tested for 
IFN-y production, these cells showed higher levels of cytokine 
than untreated animals (248 pg/ml ± 46 vs 128 pg/ml ± 27). 
Moreover, coadministration of anti-IL-10 Ab with agg Ig-INS/3 
restored CTLA-4 expression, and the number of islet cells with 
significant surface CTLA-4 was similar to that observed in mice 
recipient of sol Ig-INSj8, which does not induce IL-10 production 
by APCs (Fig. 6, G and H). These results indicate that IL-10 pro- 
duced by the APCs and/or Treg cells down-regulates CTLA-4 ex- 
pression on islet-resident T cells. 

Discussion 

IL-10, an anii-Thl cytokine and growth factor for Treg cells, 
prompted high expectations for modulation of autoreactive T cells 
and suppression of autoimmunity (14, 15, 17, 34, 35). Success has 
been achieved in a number of autoimmunity models, but IL-10 has 
shown variable results in type 1 diabetes (5-9). In this study, an 
approach for controlled mobilization of IL-10 was developed and 
used both in young insulitis-free and older lAA-positive mice to 
determine how the cytokine regulates diabetogenic CD4 T cells 
within and peripheral to the islets. It is shown that Ig-INS/3, an Ig 
expressing the diabetogenic INS/3 peptide, can, upon aggregation, 
cross-link FcyRs and trigger the production of IL-10 by APCs 
(Fig. 1). In vitro, agg Ig-INS/3 suppressed IFN-7 responses of 
INS/3-specific T cells, and such modulation was dependent upon 
IL-10 (Fig. 2). In vivo, young mice exposed to agg Ig-INS/3 de- 
veloped IL-10-producing Treg cells (Fig. 1), reduced their prolif- 
erative and IFN-y responses (Fig. 2), and delayed their diabetes 
(Fig. 3). This protection against the disease was also IL-10 depen- 
dent as NOD mice deficient for the IL-10 gene were unable to 
delay their disease upon treatment with agg Ig-INS/3 (Fig. 3). 
Moreover, depletion of IL-10-producing Treg cells abrogated agg 
Ig-INS|3-mediated protection against diabetes (Fig. 3). These ob- 
servations suggest that endogenous IL-10, whether from APCs or 
Ag-expanded Treg cells, contributes significantly to the down-reg- 
ulation of peripheral T cells in these young mice and sustains pro- 
tection against the disease. IL-10 exercises anti-Thl function 
through down-regulation of the expression of cosdmulatory mol- 
ecules (31, 36). Our own investigation indicates that agg Ig-INS/3 
does not up-regulate B7 or CD40 on APCs (data not shown), 
which agrees with our previous reports showing that agg Ig-myelin 
chimeras made of the same Ig backbone as.Ig-INS/3 modulate T 



cells through lack of costimulation (1 1, 12). Thus, the mechanism 
we propose for protection against diabetes in the young mice sug- 
gests that IL-10 from the APCs and/or Treg cells most likely in- 
terferes with costimulation (see Fig. 7, left panel). This does not, 
however, exclude the possibility that Treg cells may be exercising 
additional suppressive function (37, 38) or that IL-10 may be di- 
rectly affecting the diabetogenic T cells (39). 

In contrast, this IL-10-driven protection against diabetes was not 
effective in older animals positive for IAA. Indeed, when agg Ig- 
INS/3 was administered upon IAA seroconversion, protection was 
not achieved, despite the fact that the disease remains reversible 
and the sol form of Ig-INS/3 delayed diabetes effectively (Fig. 4). 
Given the fact that in young animals most of the diabetogenic T 
cells remain peripheral to the islets, while in older mice a signif- 
icant number of these cells would have become islet resident, we 
suspected that peripheral and islet-resident T cells display differ- 
ential susceptibility to regulation by IL-10. This hypothesis proved 
correct, and splenic iNSB-specific T cells down-regulated IFN-y 
production upon stimulation with agg Ig-INS/3, while islet T cells 
responded to such stimulation and produced significant amounts of 
IFN-7 (Fig. 5). However, sol Ig-INS/3, which does not induce 
IL-10 production by APCs, displayed opposite effects and stimu- 
lated IFN-7 responses by the splenic, but not islet T cells. IL-10 
has previously been shown to stimulate CD8 T cells (31). Given 
the fact that INS/3 encompasses a CTL epitope (29, 30), we 
thought that agg Ig-INS/3 is cross-presented on MHC class I 
through the exogenous pathway and stimulates CD8 T cells that 
would be frequent in the islets during insulitis (40). Our prediction, 
however, proved incorrect, and upon separation of islet CD4 and 
CD8 T cells and stimulation with agg Ig-INS/3 only the CD4 T 
cells responded and produced IFN-y (Fig. 5Z>). Overall, these ob- 
servations indicate that IL-10 is stimulatory for islet-resident dia- 
betogenic CD4 T cells, but down-regulatory for the same cells 
when the encounter occurs peripheral to the islets. 

Upon migration to the islets, T cells are presumably exposed to 
Ag and most likely undergo activation. CTLA-4 expression arises 
on activated T cells, providing a means to control excessive re- 
sponses (32, 33). Thus, it is possible that upon IAA seroconver- 
sion, the islet-resident T cells up-regulate CTLA-4 expression. 
Upon treatment with agg Ig-INS/3, it may be that IL-10 interferes 
with CTLA-4-inhibitory function and stimulates T cell responses 
rather than tolerance. This postulate proved correct, and islet, but 
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not splenic T cells from the same animal displayed up-regulated 
expression of surface CTLA-4 (Fig. 6, A and B). Interestingly, 
addition of anti-CTLA-4 Ab during incubation with agg Ig-INS/3 
restored the inhibitory function of CTLA-4 and the T cells were 
not able to produce IFN-y (Fig. 6Q. Moreover, stimulation of islet 
T cells with agg Ig chimeras reduced the surface expression of 
CTLA-4, while stimulation with sol chimeras did not, unless sup- 
plemented with exogenous IL-10 (Fig. 6D). In vivo, treatment of 
IAA-positive mice with agg Ig-INS/3 down-regulated CTLA-4 ex- 
pression on islet T cells (Fig. 6, E and F). However, neutralization 
of IL-10 during administration of agg Ig-INS/3 restored CTLA-4 
expression (Fig. 6G). Thus, IL-10 sustains stimulation of previ- 
ously activated islet-resident T cells by down-regulation of 
CTLA-4 expression and interference with its inhibitory function. 
In fact, administration of anti-CTLA-4 upon IAA seroconversion 
completely abrogated the onset of diabetes (data not shown). 
Therefore, interruption of CTLA-4-inhibitory function by IL-10 
promotes activation rather than tolerance. The median panel of 
Fig. 7 proposes that IL-10 down-regulates both costimulatory mol- 
ecules and CTLA-4, resulting in loss of inhibitory control of dia- 
betogenic T cells. This will ultimately sustain stimulation, as pre- 
viously activated lymphocytes do not require costimulation (41, 
42). The fact that sol Ig-INS/3, not inducing IL-10, was able to 
delay disease at this stage bodes well with the findings. The right 
panel of Fig. 7 proposes that sol Ig-INS/3 does not sustain activa- 
tion of the cells because the APC at this inflammatory site express 
costimulatory molecules that should engage CTLA-4, which is not 
down-regulated by the sol Ig-INS/3 (Fig. 6H). The end result then 
is inhibition of T cell activation and delay of diabetes. 

Overall, agg Ig-INS/3 tolerizes T cells in the periphery and limits 
input into the islets, thus effectively suppressing the disease when 
given at a young age before insulitis. Upon IAA seroconversion, 
agg Ig-INS/3 will exercise down-regulation of peripheral T cells, 
limiting the seeding of islets by naive T cells, but will compensate 
for the shortage by stimulating and sustaining vigorous activation 
of islet-resident cells that have migrated before the treatment or 
have escaped peripheral tolerance. Sol Ig-INS/3 is less effective in 
tolerizing peripheral T cells due to the lack of IL-10. However, 
upon IAA seroconversion, sol Ig-INS/3 will compensate for the 
moderate tolerance in the periphery by not sustaining activation of 
islet-resident T cells. This mechanism will require continual treat- 
ment and show reduced infiltration. This model agrees with the 
report showing that anti-CTLA-4 Ab delays passive diabetes in- 
duced by transfer of activated pathogenic T cells (43). The findings 
are also in good standing with observations indicating that local 
expression of IL-10 exacerbates the disease (5, 7) and delivery of 
IL-10 at an older age is not effective against diabetes (9). Thus, the 
model reconciles the variable functions associated with IL-10 (6). 
The notion that encounter of the T cells with IL-10 before migra- 
tion to the islets has a different outcome from encounters that hap- 
pen within the islets is also supported by studies demonstrating 
that delivery of IL-10 at a young age (before insulitis) delays di- 
abetes, while it is ineffective against disease in older animals with 
progressive insulitis (9). 

Another point we emphasize is that this interplay between IL-10 
and CTLA-4 may contribute to the development of spontaneous 
diabetes. Treg cells develop in the normal T cell repertoire and are 
presumed to sustain peripheral tolerance (37, 38). An initial expo- 
sure of /3 cell-associated self Ags would activate diabetogenic T 
cells, but could also expand Treg cells to control pathogenicity 
(44). However, if those Treg cells produce IL-10, an interplay with 
CTLA-4 would be put into motion and their function would be 
rather counterproductive, resulting in sustained T cell activation 
and exacerbation of diabetes. This possibility, however, remains to 



be investigated. Recently, we found that decline of membrane- 
bound TGF0 can also nullify the suppressive function of Tregs, 
leading to development of diabetes (45). 
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